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Controlled Folding In Precisely Functionalized Polyethylenes: Designing
Nanoscale Lamellar Structures For Ion Transport
Abstract
There is great societal need for improved energy storage technology, in applications ranging from electric
vehicles to grid storage to emergency power systems. New polymeric membranes with enhanced ion
conductivities are needed in batteries and fuel cells to improve these technologies. Despite decades of
research, these membrane materials are still not adequate for commercial use. The primary metric that
requires improvement is ion or proton conductivity of the membrane under desirable operating
conditions.
Modifying linear polyethylene by the addition of precisely periodic functional groups leads to a rich array
of intriguing morphologies and properties. Depending on the functional group chemistry and periodicity,
functionalization can (1) increase or decrease the melting point; (2) produce amorphous, semicrystalline,
or nearly fully crystalline morphologies; (3) cause hairpin chain folds within the crystalline regions; and (4)
exhibit high proton conductivity when hydrated. In this dissertation, we focus on polyethylenes with longspaced functional groups, which form layered crystallites.
Herein, we show that incorporating backbone sulfone groups into polyethylene gives rise to nylon-like
semicrystalline morphologies, where the sulfone groups form layers within the crystalline regions and
hydrogen bond, increasing the melting temperature. The melting point is proportional to the sulfone
concentration. Conversely, when the polyethylene contains pendant carboxylic acid groups, it exhibits
hairpin folds at the position of each acid group within the crystalline regions. This produces multiple
layers of acid groups whose normal vectors are oriented approximately perpendicular to the normal
vector of the lamellar crystallite. Layers with this orientation could provide pathways through crystallites
for selective transport of protons, ions, water, or other small molecules, allowing the use of a
semicrystalline polymer for various membranes. Replacing carboxylic acid with sulfonic acid produces a
nearly fully crystalline morphology containing hydrated acid layers, resulting in high proton conductivity.
This is the first time, to our knowledge, that proton or ion conductivity has been reported in this type of
morphology. Finally, we show that functionalized polyethylenes with a nearly precise placement of
functional group – variable by one backbone methylene group – has a similarly well-ordered morphology
as a truly precise polymer, and could provide a more practical route to the morphologies and properties
discussed above.
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ABSTRACT

CONTROLLED POLYMER FOLDING: DESIGNING NANOSCALE LAMELLAR
STRUCTURES FOR ION TRANSPORT

Edward B. Trigg
Karen I. Winey

There is great societal need for improved energy storage technology, in applications
ranging from electric vehicles to grid storage to emergency power systems. New polymeric
membranes with enhanced ion conductivities are needed in batteries and fuel cells to improve these
technologies. Despite decades of research, these membrane materials are still not adequate for
commercial use. The primary metric that requires improvement is ion or proton conductivity of the
membrane under desirable operating conditions.
Modifying linear polyethylene by the addition of precisely periodic functional groups
leads to a rich array of intriguing morphologies and properties. Depending on the functional group
chemistry and periodicity, functionalization can (1) increase or decrease the melting point; (2)
produce amorphous, semicrystalline, or nearly fully crystalline morphologies; (3) cause hairpin
chain folds within the crystalline regions; and (4) exhibit high proton conductivity when hydrated.
viii

In this dissertation, we focus on polyethylenes with long-spaced functional groups, which form
layered crystallites.
Herein, we show that incorporating backbone sulfone groups into polyethylene gives rise
to nylon-like semicrystalline morphologies, where the sulfone groups form layers within the
crystalline regions and hydrogen bond, increasing the melting temperature. The melting point is
proportional to the sulfone concentration. Conversely, when the polyethylene contains pendant
carboxylic acid groups, it exhibits hairpin folds at the position of each acid group within the
crystalline regions. This produces multiple layers of acid groups whose normal vectors are oriented
approximately perpendicular to the normal vector of the lamellar crystallite. Layers with this
orientation could provide pathways through crystallites for selective transport of protons, ions,
water, or other small molecules, allowing the use of a semicrystalline polymer for various
membranes. Replacing carboxylic acid with sulfonic acid produces a nearly fully crystalline
morphology containing hydrated acid layers, resulting in high proton conductivity. This is the first
time, to our knowledge, that proton or ion conductivity has been reported in this type of
morphology. Finally, we show that functionalized polyethylenes with a nearly precise placement
of functional group – variable by one backbone methylene group – has a similarly well-ordered
morphology as a truly precise polymer, and could provide a more practical route to the
morphologies and properties discussed above.
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Chapter 1:
1.1

Introduction

Motivation: Improving energy storage technology
The transition away from polluting, non-renewable energy sources is among the most

important technological goals of the 21st century. Clean, renewable energy sources require energy
storage because they are intermittent; cloudiness or lack of wind reduces energy generation for
solar panels or wind turbines. Additionally, if vehicles are to utilize renewable energy, they must
store the energy onboard. Thus, improvements in electrochemical energy storage technology will
enable the large-scale transition to these energy sources. The Department of Energy alone spends
over $150 million per year funding research to improve batteries and fuel cells.1 Both of these
technologies could benefit immensely from improved solid polymer electrolyte (SPE) membranes.
In lightweight batteries for transportation and portable devices, SPEs could replace liquid
electrolytes leading to improved safety and longer lifetime.2–6 In fuel cells, Nafion is the standard
SPE, but a new material could reduce cost, relax the high humidification and low temperature
requirements of Nafion, and reduce electroosmotic drag.7–9
A central challenge in developing SPEs has been obtaining both high ion conductivity,
which is essential for practical energy efficiency of the device, and high Young’s modulus and
mechanical toughness. These mechanical properties are required to prevent shorting of the device
under mechanical stress and, in the case of batteries, inhibit the growth of metallic dendrites
through the membrane upon cycling.10 In traditional SPEs for batteries, the ion conductivity is
coupled to the rate of local motion of the polymer chains,11 which dictates the mechanical
properties. Thus, increasing the local dynamics (reducing the glass transition temperature, T g) of
the polymer improves the conductivity but reduces the Young’s modulus. In traditional SPEs for
fuel cells, proton conductivity depends upon hydration of the membrane, and high water uptake in
some cases leads to low modulus and undesirable dimensional changes of the membrane.

1

Controlling polymer morphology can lead to improved properties. Nafion possesses
desirable conductivity and mechanical properties due to its nanophase separation.9 Block
copolymers have shown superior properties due to 10-nanometer-scale self-assembly compared
with random copolymer analogues. This dissertation centers on controlling polymer structure at a
smaller scale – on the order of individual chemical moieties – to produce desirable ion transport
properties. The structures of model systems are investigated, as well as the resulting proton
conductivity, to understand self-assembly and transport at this very small length scale.

Figure 1.1. Morphology of Nafion, illustrating nanophase separation between hydrophobic
segments (white) and hydrated sulfonic acid groups (pink, blue). Adapted from Kreuer (2001).12

1.2

Traditional Battery Electrolytes
Batteries store energy by using electrical energy to move ions (e.g. lithium) from the

cathode to the anode. The free energy of the ion is higher in the anode, so moving the ion there
requires work. To utilize the stored energy, the ions are allowed to move back to the cathode and
the reduction in free energy of the ions is harvested as electricity. The electrolyte is the material
separating the cathode and anode. It must provide efficient transport for the electrochemically
active ions (quantified as ion conductivity), while being insulating to electrons to prevent a short
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circuit. Additionally, the electrolyte must provide mechanical separation between cathode and
anode, because direct contact between them would also cause a short circuit.

Figure 1.2. Schematic of a modern lithium ion battery, wherein lithium ions are transported
through the electrolyte upon discharging. Reproduced with permission from Hallinan and coworkers (2013).13

Nearly all lithium ion batteries on the market today use a liquid electrolyte. These consist
of lithium salts (e.g., LiPF6) dissolved in mixtures of organic solvents such as ethylene carbonate
and dimethylcarbonate.14–16 Liquid electrolytes provide very high ion conductivity (~10 mS/cm)13
and good insulation to electrons. However, they provide no mechanical barrier between the
electrodes, so a porous film or “separator” such as Celgard® must be placed between the
electrodes. These separators are expensive, comprising about 1/6 of the material costs of the
battery, and also complicate the manufacturing process. Liquid electrolytes possess other
drawbacks as well. They are often highly flammable, leading to safety problems, 17 and they react
at the anode surface resulting in a buildup of solids at the interface known as the solid electrolyte
interphase (SEI), which reduces the battery’s cycle life.18 SPEs have the potential to overcome
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these issues, but current technology is limited by poor ion conductivity (< 1 mS/cm).13 Improving
this conductivity is currently a major research effort in the polymer science community.

1.3

Polymer Electrolyte Membranes
For decades, there has been much interest in polymer electrolytes for batteries due to the

potential for improved safety, lifetime, energy density, and cost.13,19 Perhaps the most extensively
studied ion-conducting polymer is poly(ethylene oxide) (PEO).6 Neat PEO does not contain ions
and hence has no conductivity; salt must be dissolved in the polymer to obtain conductivity. For a
lithium battery, a lithium salt such as LiPF6 is used. Ether oxygens in the PEO backbone solvate
Li+ ions, and the ions are transported by the segmental motion of the PEO.6 The relatively fast
segmental motion of PEO above its melting temperature (60-70°C) affords reasonable ion
conductivity, prompting hundreds of published studies of conductivity of various PEO-salt
complexes. However, PEO has significant drawbacks: the onset of crystallinity is associated with
a precipitous drop in conductivity, which necessitates high operating temperature; the conductivity
is lower than desired for energy storage devices even above Tm; the PEO-salt complexes have poor
mechanical properties; and the use of dissolved salt leads to polarization of the membrane due to
migration of the anion.
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Figure 1.3. Schematics of mechanisms of lithium ion transport in a PEO-lithium salt complex.
Reproduced with permission from Xue and co-workers (2015).6

In recent years, ionomers have been developed and studied as candidates for ionconducting membranes.20–22 Having the counterion covalently bonded to the polymer, ionomers
are single-ion conductors and therefore mitigate the problems of membrane polarization and
reactivity of the counterion at the electrode, theoretically improving device performance
substantially. Work from the Colby Lab, Winey Lab, and Runt Lab have examined ion
conductivity in low-Tg ionomers. These ionomers primarily featured PEO,23 polyphosphazene,24
or polysiloxane25 backbones to achieve low Tg, translating to fast segmental motion. Here, the
strategy was to increase the segmental motion and use hydrophilic polymer backbones capable of
solvating metal cations to enhance conductivity. Along the same lines, plasticization with
oligomers such as poly(ethylene glycol) was also employed.26 These approaches did improve ion
conductivity, which generally scaled with segmental motion, but the conductivity was still only
~10-2 mS/cm at room temperature, not sufficiently high for use in batteries. Furthermore, additional
improvements in conductivity using this approach would depend upon further increases in
segmental motion, which will be difficult to attain and may compromise the mechanical integrity
of the polymer.
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Recent studies have suggested that ion transport can be decoupled from the segmental
motion of the polymer.27,28 Polymerized ionic liquids with small mobile ions and large bound
counterions have shown much higher than expected conductivity near Tg. Conductivity in PEObased sodium sulfonate ionomers has been probed by the Maranas Lab via molecular dynamics
simulations.29 They have observed an ion-hopping conductivity mechanism within an ionic
aggregate.30 Exploitation of this hopping mechanism may lead to new materials with high
conductivity despite slow segmental motion. Strongly decoupled conductivity and segmental
dynamics has also been observed in polymerized ionic liquids experimentally31 and in
simulations.28 Appreciable conductivity was recently measured in films composed of a mat of
solution-grown PEO single crystals, wherein ions travel along the surfaces of the single crystals.32
Additionally, Gadjourova et al. showed that lithium ions are capable of moving along a single
helical crystalline stem of PEO.33
Nafion is an ionomer that has been commercially successful as a proton conducting
membrane in fuel cells.34 Nafion is a poly(tetrafluoroethylene) (PTFE) based polymer containing
long side chains that are terminated with sulfonic acid groups. The excellent properties of Nafion
in the hydrated state are attributed to a self-assembled percolating network of water channels within
the material, which coexists with crystalline PTFE segments. The water channel network, which
incorporates the sulfonic acid groups, provides pathways for fast proton conduction while the
crystallites provide mechanical strength.35 The main disadvantages of Nafion are high cost of
production and the requirement of high hydration levels during operation, which restricts operating
conditions. Dimensional stability under changing humidity is also a problem. The complex
morphology of Nafion has made structure-conductivity relations difficult to quantify and
improvements have, therefore, been slow.
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Still, the concept of percolating conductive domains has been used as a design rule for
other proton conducting membranes.36 Researchers have produced a number of amphiphilic block
copolymers7 and other polymers20,37 with the goal of forming percolating water domains. The
concept of percolation may also be translated to lithium ion conducting membranes. Ting and coworkers performed coarse-grained MD simulations of ionomer melts and found a seven-fold
increase in counterion diffusion coefficient when the aggregate morphology was percolating
compared with non-percolating.38 Here, the system with the percolating morphology had the
covalently bound charged beads as members of the backbone (ionene), while the non-percolating
system had the covalently bound charged beads as pendants to the backbone.

1.4

Semicrystalline Polymers
Many of the most common commodity materials of the 20th and early 21st centuries are

semicrystalline polymers, including polyethylene (HDPE, LDPE, and LLDPE), nylons,
polyethylene terephthalate (PET), many polyesters, polyvinyl choride (PVC), and Teflon (PTFE).
Despite the widespread commercial use of these materials, and many decades of research, a
comprehensive theory of polymer crystallization has been elusive due to the complexity of the
phenomenon.39 Above its melting point, the polymer is amorphous, with its long-chain molecules
executing a self-avoiding random walk. If the molecular weight is sufficiently high, the chains are
entangled with one another. When the polymer is cooled to a crystallization temperature (T c), there
exists a driving force for the polymer to crystallize. Polymer crystallization involves chain
segments taking on a particular conformation, often an extended (all trans) or helical conformation.
However, the high molecular weight of polymers and the entanglements cause it to be kinetically
impossible (in most cases) for the entire chain to crystallize. Instead, there are usually alternating

7

layers of crystalline and amorphous material, with individual chains spanning several layers. The
layer periodicity is of order 10 nm.

Figure 1.4. Schematics of (a) formation of a crystalline lamella, (b) formation of two crystalline
lamellae, and (c) a spherulite, the typical structure that is eventually formed from a crystal nucleus.
With permission, (a) is adapted Xu and co-workers (2009),40 (b) is adapted from Lopez-Barron
and co-workers,41 and (c) is adapted from “Spherulite2” by Materialscientist licensed under CC
BY 3.0.

Because semicrystalline polymers are never in thermodynamic equilibrium, their thermal
history greatly impacts structure and therefore properties. The surface energy of crystallites plays
a major role in their stability. Thicker crystallites are stable at higher temperatures due to lower
surface-to-volume ratio. As a result, higher Tc leads to thicker crystallites and a higher degree of
crystallinity, significantly increasing the Young’s modulus and in many cases reducing optical
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clarity. Hoffman, Lauritzen, and Weeks in the 1960s developed a theory was developed to describe
the crystallization and melting of bulk polymers.42,43 The theory was widely accepted for decades,
but came under increasing criticism beginning in the 1990s and today many researchers are
skeptical of its validity. In 2006 Strobl formalized a new theory in an article in Progress in Polymer
Science,44 involving a new mechanism and thermodynamic scheme for bulk polymer
crystallization, wherein crystallizing polymer segments pass through a “mesophase” before taking
on the final crystal structure. For example, in polyethylene, the well-ordered orthorhombic
structure would be preceded by a disordered, hexagonal packing of the segments. The existence of
the mesophase helps to explain the relationship between T m, Tc, and the crystallite thickness in
polymers. While Strobl presents substantial circumstantial evidence for his theory, direct evidence
of the mesophase has yet to be produced. As a result, the theory has been met with cautious
acceptance or skepticism in the field.
In polymers, the crystallization process can take place in a matter of minutes, or it can take
billions of years, depending on the temperature of crystallization. When T c is close to the highest
attainable melting point, the thickness must be very large for crystallites to be stable. In the
amorphous state, the probability of nucleating a very thick crystallite is exceedingly low, causing
the crystallization rate to be slow at high T c. Growth from a stable nucleus is also slow, because
amorphous chains must develop the conformation required by the crystal over a large segment of
the chain before adding on to the crystallite. On the other hand, when T c is near Tg, the polymer
dynamics become slow. (At T=Tg, a single segment of the polymer executes an elementary motion
once per 100 seconds.) Thus, for crystallization to occur within a reasonable timeframe, T g < Tc <
Tm. With crystallization slow at both temperature extremes, there exists a maximum crystallization
rate at an intermediate temperature, where the temperature is high enough that the polymer
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dynamics are relatively fast, but low enough that the size requirement for a stable crystallite
nucleus is relatively small.
Significant understanding of semicrystalline polymers has arisen from studies of polymer
single crystals. Two decades after the discovery of polyethylene, in a 1955 issue of Nature,
Jaccodine published a three-paragraph letter reporting the first growth of polyethylene single
crystals from solution.45 Shortly thereafter polymer single crystals became enormously important
for understanding bulk semicrystalline polymers, and are still studied to this day. One of the most
critical discoveries to result from single crystal growth was the presence of many tight chain folds
at the surfaces of these crystals. This idea was extended to crystallites in bulk, semicrystalline
samples, and the surfaces of these crystallites are now widely believed to contain many tight chain
folds.46,47 At the surface, chains can also exit the crystallite and enter another crystallite, known as
tie chains, or they can reenter the same crystallite, known as loose loops.

1.5

Controlled Chain Folding in Semicrystalline Polymers
Molecular chain folding is of fundamental importance for both biological macromolecules

and synthetic polymers.48–52 Tight chain folds are of particular importance for crystallizable
polymers, a field of great industrial relevance and with unresolved fundamental questions. 39,44,47
Over the last several decades, researchers have made increasing progress towards controlling chain
folding in polymers via periodic placement of functional groups. Kunitake et al. achieved periodic
placement of backbone dimethyl ammonium groups after every 16th or 20th carbon atom along
polyethylene.53,54 They found that this ionene folds in aqueous solution, forming vesicles whose
walls are composed of the folded polymer, such that the dimethyl ammonium groups are at both
surfaces of the wall. The structure resembles a surfactant vesicle.
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Pendant groups can also induce chain folding. For polyesters with periodic propyl grafts,
the propyl groups are excluded from the crystallite resulting in a structure similar to a typical
lamellar crystallite but with propyl groups decorating the crystallite surface. 55 These crystallites
are separated by amorphous polymer. Ramakrishnan has studied periodically grafted polyesters
with longer, less miscible side groups, including poly(ethylene glycol) (PEG) and
poly(tetrafluoroethylene) (PTFE).56–58 Here, many consecutive crystalline layers are formed, and
the side groups form the amorphous regions that separate the crystalline layers.

Figure 1.5. Examples of controlled chain folding in (a) ionene, (b) PEO-grafted polyester, and (c)
propyl-grafted polyester. Reproduced with permission from (a) Kunitake and co-workers,53 (b)
Roy and co-workers,58 and (c) Le Fevere de Ten Hove.55

1.6

Acid- and Ion-Functionalized Polyethylenes
Acid-functionalized polyethylenes have been commercially important for decades.

Copolymerization of ethylene with methacrylic acid produces an inexpensive copolymer
(DuPont’s Nucrel®, or Dow’s Escor®) with good toughness, optical clarity, and adhesive
properties. The carboxylic acid groups form hydrogen bonds, significantly changing the structure
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and dynamics of this polymer compared with polyethylene. These copolymers have highly
branched, random architectures, leading to a highly disordered morphology that is difficult to
characterize. Neutralization of the carboxylic acid with metal cations such as sodium or zinc
changes the properties drastically, greatly increasing the glass transition temperature (T g) and
Young’s modulus, and decreasing the crystallinity.59 A commercial example of this is Surlyn®, a
material with excellent mechanical toughness, optical clarity, and puncture resistance, used in food
packaging, golf balls, and industrial applications. The effect of the Coulombic interactions on
properties in this ionomer was described by Eisenberg, Hird, and Moore in the early 1990s.60 They
proposed that the strong ionic interactions cause relatively large ionic aggregates to form and the
polymer segments near these aggregates become immobilized due to chain crowding and chain
extension. However, a more detailed description was difficult to achieve due to the heterogeneous
morphology of these random copolymers.61,62

1.7

Precise Polyethylenes
Precisely functionalized polyethylenes, or linear polyethylenes with atactic functional

groups located precisely every mth carbon along the backbone, have been synthesized primarily by
the Wagener Lab.63 These polymers are synthesized via acyclic diene metathesis (ADMET)
polymerization.64 Linear, symmetric macromonomers (1,n-dienes) are prepared with m+2
backbone carbon atoms and contain the desired functional group (sometimes with a protecting
group) at the central position. After achieving very high purity, the monomers are polymerized via
the Grubbs catalyst and subsequently hydrogenated using pressurized H2 gas and a different
catalyst. The protecting group, if used, is also removed, ideally during the hydrogenation step.
Polyethylenes were synthesized with alkyl pendant groups, from methyl to hexyl, on every
mth carbon atom along the chain. Groups larger than ethyl were found to be excluded from
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crystallites, causing the crystallite thickness to be defined by the backbone spacer length m.65–67
For side groups from propyl to hexyl to adamantyl, the melting temperature was always 13°C ± 4
for m=21. This is in between the melting points of n-alkanes with n=15 and n=16. The melting
point for the polymer with ethyl groups and m=21 was 24°C indicating a slight increase in crystal
thickness or perfection. Methyl groups were incorporated into the crystallites, lining up with one
another to form layers,68 increasing Tm to 63°C. This work has implications for commercial
polyethylenes, especially LLDPE, because it typically has short alkyl side chains of relatively wellcontrolled length.

Figure 1.6. ADMET polyethylenes containing precisely spaced alkyl branches. (a) General
chemical structure of ADMET polyethylenes with pendant R groups; (b) melting temperature of
ADMET polyethylenes with m=20 and R indicated on the x axis (reproduced from Rojas and coworkers (2009)67); and (c) TEM of an ADMET polyethylene with m=20 and R=hexyl, showing
very uniform lamella thickness (reproduced from Hosoda and co-workers (2009)65).

Linear polyethylenes with precisely placed halides have also been produced. Fluoride,
chloride, and bromide groups were placed every 19th carbon along the chain. The atomic size of
the halide was found to impact the melting point: larger atoms were more disruptive to the crystal
structure, and reduced the melting temperature.69 With bromide groups on every 21st carbon, the
13

bromides were found to not only disrupt the orthorhombic structure of polyethylene, but also
change the structure to triclinic and can cause a kink in the chain at the position of each bromide
within the crystalline regions.70
Acid-containing precise polyethylenes were produced by the Wagener Lab over the last
decade and were studied by the Winey Lab. Carboxylic,71 phosphonic,72 and sulfonic73 acidcontaining precise polyethylenes with several different alkyl spacer lengths were produced via
ADMET63 polymerization from symmetric diene macromonomers. The precise microstructures
give rise to well-defined morphologies that lend themselves to detailed characterization.62
Buitrago et al. found that at room temperature, shorter alkyl spacer lengths between acid
groups typically have a liquid-like arrangement of aggregates, while with long spacer lengths the
acid groups arrange into layers due to crystallization of the alkyl segments.74 For polyethylene with
two phosphonic acid groups on every 15th carbon (the functional group with the largest volume),
the acid groups organize onto a cubic lattice with amorphous alkyl segments.75 Other precise acidfunctionalized polyethylenes at room temperature show increased strain hardening upon tensile
deformation compared with analogous random copolymers, due to the formation of layers of
associating acid groups upon chain alignment.76,77 The precise carboxylic acid polyethylenes were
also neutralized with various cations, and the resulting ionomers possessed highly uniform
morphologies as evidenced via X-ray scattering62 and retained the layer-forming capability upon
tensile deformation at elevated temperature (unpublished work).
Atomistic molecular dynamics simulations have been performed to further examine the
morphologies of the carboxylic acid polyethylenes, carboxylate ionomers, and sulfonic acid
polyethylenes, at 150°C (well above Tm).78,79 A large variation in aggregate morphology was
observed depending on the spacer length, degree of neutralization with metal cations, and
counterion type. In contrast with the Eisenberg-Hird-Moore assumption of spherical ionic
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aggregates, elongated and even percolating ionic aggregates were observed in the simulations in
addition to spherical aggregates. X-ray scattering calculated from the simulations matched
experiments well, lending additional credence to the conclusions from the simulation studies.80
1.8

Outline of Thesis Chapters
This thesis examines the role of precisely periodic associating side groups on the

crystallization of linear polyethylene, and shows that the resulting structures can be beneficial for
ion transport. The presence of pendant acidic or ionic groups every 21st carbon atom greatly affects
the crystalline structure of polyethylene, inducing tight chain folds at the position of each group,
and giving rise to layers of functional groups separated by crystalline alkyl segments. The
associations cause multiple successive layers to form and, when the functional group is sulfonic
acid, the acid layers transport protons with an efficiency on par with the industry standard (Nafion).
Chapter 2 reports the effect on crystallization of backbone sulfone (SO2) groups precisely
located along linear polyethylene. Aliphatic polysulfones were produced with 8, 14, and 20
methylene groups between each sulfone group. Upon crystallization these polymers form layered
crystallites, similar to nylon, where the sulfone groups arrange into extended-chain layers. Within
the crystalline regions, these groups form weak hydrogen bonds with α-hydrogens, and this
interaction increases the melting temperature relative to polyethylene, just as the amide groups of
nylon increase its melting point. The melting temperature of the polysulfones increases linearly
with the sulfone concentration, as does the layer spacing observed via X-ray scattering.
In Chapter 3, we elucidate the layered structure of a precise polyethylene with pendant
carboxylic acid groups every 21st backbone carbon atom (termed p21AA). By comparing the
results of atomistic molecular dynamics simulations with experimental X-ray scattering and
Raman spectroscopy, we find that within the crystalline regions, the polymer chains are folded in
a hairpin manner near each carboxylic acid group, giving rise to multiple embedded layers of
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functional groups that have an interlayer distance of 2.5 nm. This contrasts with other precise
polyethylenes, such as the polysulfones described in Chapter 2, where the chains are mostly trans
within the crystals. These carboxylic acid layers could act as two-dimensional pathways for ionic
or molecular transport given an appropriate choice of functional group, as we will show in Chapter
6.
Chapter 4 continues the work of Chapter 3, investigating the orientation of the multilayer
structure within the crystallites. We investigate the bulk morphologies of p21AA after isothermal
crystallization and, using X-ray scattering and polarized optical microscopy, confirm that p21AA
is semicrystalline. By analyzing X-ray peak widths, creating real-space models of lamellae, and
performing in situ X-ray scattering during tensile deformation, we find that, contrary to the typical
structure of polymer crystallites, the polymer stems lie in the plane of the lamellae such that the
acid layers are transverse (within 30° of orthogonal) to the crystallite plane. This surprising
structure could be useful for designing semicrystalline membranes because, given the appropriate
chemistry, layers of functional groups could provide pathways for small molecule, ion, or proton
transport through crystallites. We expect this novel structure to be accessible in similarly designed
crystallizable polymers that contain evenly spaced, moderately sized, associating side groups.
Chapter 5 analyzes the structure of p21AA and p15ImBr under tensile deformation.
Middleton et al.76,77 reported on the mechanical properties of p21AA and using in situ X-ray
scattering showed that strain hardening at high strains coincides with a reorientation of the layered
structure. Here, we perform two-dimensional fitting81 of the X-ray scattering pattern at different
strains to determine the morphology orientation and the extent (size) of these nanoscale structures.
In p21AA at high strains the layered structure corresponds to elongated nanofibril-like structures
of width  2 nm and length > 20 nm. In contrast, the layered structure of polyethylene with
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imidazolium bromide groups every 15th carbon atom (p15ImBr) maintains a large crystal size at
high strains. The absence of fibrils in p15ImBr coincides with reduced strain hardening.
Chapter 6 examines the structure and proton conductivity of precise polyethylene
containing pendant sulfonic acid groups every 21st carbon atom (p21SA). We demonstrate wellcontrolled chain folding of this sulfonated polyethylene at a length scale of 3 nm to produce a
highly uniform morphology with high proton conductivity. Like in p21AA, many consecutive
alternating layers of crystalline alkyl segments and hydrated acid groups are formed, with
periodicity  3 nm. At high relative humidity, the proton conductivity through these layers is on
par with Nafion 117, the industry standard for fuel cell membranes. This is the first time, to our
knowledge, that controlled polymer folding has been utilized for proton or ion transport.
Additionally, this is first time that high proton conductivity has been reported within a crystalline
polymer. The simplicity of the polymer’s chemical structure and morphology is a significant
achievement in the control of structure for producing desired properties.
Chapter 7 investigates the structure of a nearly precise polymer and ionomer. Chapters 26 have shown that precise polyethylenes possess interesting structures with useful properties, but
the current synthetic methods that produce these precise polymers are difficult to scale up beyond
the laboratory setting. When evaluating alternative synthetic routes, a critical question is, how
precise must the polymer microstructure be to achieve the properties of interest? As a first step in
answering this question, we present morphological characterization of a nearly precise polymer –
that is, an acid-containing polymer wherein the acid groups are separated by either m or m + 1
methylene groups. We find that the size scale and uniformity of the amorphous morphologies of
the nearly precise acid-containing polymer and its sodium-neutralized ionomer are essentially
indistinguishable from the precise polymers based on X-ray scattering. Meanwhile, the nearly
precise polymer is strikingly distinct from a pseudorandom copolymer with similar average
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composition. This result suggests that the properties of nearly precise polymers could likewise be
similar to truly precise polymers and beckons future work to explore their properties.
Chapter 8 summarizes the conclusions of this dissertation and includes a discussion of
recommended future work. Appendix A contains supporting information for Chapter 2. Appendix
B contains supporting information for Chapter 3. Appendix C contains supporting information for
Chapter 4. Appendix D contains supporting information for Chapter 5. Appendix E contains
supporting information for Chapter 6.
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Chapter 2:

High Melting Precision Sulfone Polyethylenes Synthesized by ADMET
Chemistry

Content in this chapter was published in 2016 in Macromolecular Chemistry and Physics, volume
217, issue 21, pages 2351-2359, with authors Taylor W. Gaines, Edward B. Trigg, Karen I. Winey,
and Kenneth B. Wagener.

2.1

Introduction
Functionalization of polyethylene has produced polymers with enhanced properties such

as adhesion, printability, miscibility in polymer blends, and toughness.1,2 In most cases the
introduction of useful functionalities in polyethylene reduces the melting point, a result not
desirable in many applications.3 Polyamides are notable exceptions to this trend; the precise
locations of amide groups along the polymer backbone allow for hydrogen-bonded layers of amide
groups to exist within the crystal structure. These strong interactions generally cause the melting
temperature to increase with increasing amide concentration (for example, an increase of 45 °C in
polyamide-12 relative to linear polyethylene).4
Acyclic diene metathesis (ADMET) polymerization, unlike most other routes for
producing functionalized polyethylene, yields polymers with precise chemical architectures. 5-7
ADMET chemistry has produced polymers with polar functionalities such as carboxylic acids, 8
phosphonic acids,9 halogens,10,11 alcohols,12,13 and many others14 precisely spaced along a linear
polyethylene backbone. Recently, oxidized sulfur functionalities have been prepared—specifically
sulfonate esters15,16 and sulfites.17 Here, we report the synthesis of linear aliphatic polysulfones via
ADMET, wherein the sulfone group is in the polymer backbone (rather than pendent to it) in
addition to being precisely spaced along the polymer chain.
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The synthetic procedure is straightforward compared with most other ADMET syntheses,
direct and simple in technique. The sulfone group elevates the melting point by as much as 45 °C
relative to linear polyethylene, and the melting point is tunable by adjusting the sulfone
concentration. Unlike polyamides, sulfone functionalities are known to be resistant to acid and
base hydrolysis.18 Out of all the functionalities that have been precisely incorporated into
polyethylene via ADMET chemistry thus far, these are the only polymers with significantly higher
melting points compared with linear polyethylene.
The term polysulfones is typically synonymous with aryl sulfones, which are known for
their excellent chemical and thermal stability. Possessing a superior service temperature range
(150–200 °C) and good mechanical properties, these thermoplastic materials find many high-end
applications in the aerospace, medical, and automotive industries, as well as in consumer goods
and machine parts.19 Aryl polysulfones are often used when polycarbonates and other engineering
plastics cannot withstand the conditions required for use. On the other hand, aliphatic polysulfones
are far less prevalent. They have previously been synthesized from olefin and SO2 monomers,
either via free-radical polymerization or by UV or gamma irradiation of gaseous monomers, and
the resulting random copolymers are stable to temperatures of ≈225 °C.20 Despite costly synthesis,
low melting point, and thermal instability near desirable processing temperatures, 21 random
aliphatic polysulfones have applications in medical devices, electron-beam fabrication techniques,
and as additives to hydrocarbon fuels.20
This chapter describes the application of ADMET precision to polysulfone chemistry. We
report the synthesis and characterization of precisely spaced sulfone-functionalized polyolefins to
examine the effect of precision sulfone concentration on thermal behavior and morphology.
Figure 2.1 displays the structures of the three saturated polysulfones studied here, with sulfone
functionalities precisely placed after every 8th, 14th, or 20th carbon.
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Figure 2.1. Precise polysulfones chemical structures. A sulfone group is placed after every 8th,
14th, or 20th methylene unit. The notation is as follows: SO2 denotes the sulfone functionality, and
the number (8, 14, or 20) corresponds to the total number of carbons in the polymer’s repeating
unit.

2.2

Methods
Materials. All chemicals, materials, and solvents were purchased through Sigma-Aldrich

unless otherwise noted. Dry solvents were obtained from a solvent purification system when
needed. Monomers 7, 8, and 9 were purified using SilaCycle SiliaFlash P60, 40–63 μm, 60 Å
silica. Grubbs' first generation catalyst was donated by Materia, Inc. and used as received.
Characterization. IR spectroscopy and data analysis were performed using a PerkinElmer
Fourier transform infrared spectroscopy (FTIR) Spectrum One with attenuated total reflectance
(ATR) attachment and Spectrum software. A Varian Mercury-300 NMR spectrometer was used to
obtain both 1H NMR and 13C NMR spectra using VNMRJ software. Due to the insolubility of
polymers in most solvents, Mw was measured by DOSY NMR using a Varian-500 NMR
spectrometer in deuterated tetrachloroethane at 25 °C using PS standards, following a procedure
similar to that of Chen et al.29 Elemental analysis was performed by Atlantic Microlabs and mass
spectroscopy (high-resolution mass spectroscopy (HRMS) electrospray ionization (ESI)) was
performed by the Mass Spec labs in the University of Florida's Chemistry Department.
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A TA Instruments Q5000 was used for thermogravimetric analysis (TGA) at a heating rate
of 10 °C min−1 under nitrogen. Samples for DSC (2.3–3.5 mg) were loaded into hermetic aluminum
pans, and dried under vacuum above the melting point for 2–4 h to remove any residual moisture
or solvent prior to crimping. The samples were removed from vacuum inside a glovebox filled
with nitrogen and crimped in hermetic pans to prevent any exposure to atmospheric moisture. DSC
was performed using a TA Instruments Q2000 calibrated for temperature transitions and enthalpy
changes using an indium standard. All measurements were performed under helium purge. In the
DSC, samples were heated to above the melting point and equilibrated for 5 min to erase thermal
history. They were then cooled to −80 °C followed by a second heating to above the melting point.
All heating and cooling rates were 10 °C min−1. Data from the second heating is presented in this
work.
For X-ray scattering analysis, samples were loaded into capillary tubes and dried under
vacuum above the melting point for 2–4 h to remove any residual moisture or solvent. The samples
were slowly cooled and then removed from the vacuum inside a glovebox filled with nitrogen to
prevent any exposure to atmospheric moisture. Capillaries were sealed with hot glue inside the
glovebox. X-ray scattering was performed at the multiangle X-ray scattering (MAXS) facility at
the University of Pennsylvania. Details of the MAXS facility can be found in Buitrago et al.38 Data
reduction and analysis were performed using the Datasqueeze software.39 X-ray scattering profiles
were rescaled such that all intensities were equal at q = 10.0 nm−1, where no peaks are present, so
that peak intensities could be compared.

2.3

Results and Discussion
Synthesis. Aliphatic sulfone-containing α,ω-diene monomers 7, 8, and 9 (see Figure 2.2)

were synthesized in a similar fashion to that of other ADMET monomers by alkylation of a
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functionality with a terminal alkene substrate.22,23 However, compared to other ADMET
monomers, the synthesis of precise sulfone monomers is far more straightforward. For example,
harsh and sensitive reagents are required in the production of ADMET monomers with a carbon
center, including the use of lithium diisopropylamide and even potassium metal for nitrile
reductions under controlled atmosphere conditions.15,24 By comparison, sulfone monomers were
prepared under atmospheric conditions using cost-effective reagents; the procedures are simple
and scalable, another first in ADMET model studies of structure. The polymers described below
could easily be generated in quantities for viable applications, not just for study of polyolefin
structure.

Figure 2.2. Synthesis of precise aliphatic polysulfones via ADMET. The U denotes unsaturated
polymer.

Beginning with commercially available sodium sulfide nonahydrate and alkenyl
bromides 1, 2, and 3 in Figure 2.2, simple substitution reactions were performed according to a
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literature procedure,25 providing the thioethers in excellent yield. Products 4, 5, and 6 were isolated
at a 99% yield and in high purity directly from the flask, and the as-prepared compounds were
subjected to elemental analysis without further purification.
Beginning with commercially available sodium sulfide nonahydrate and alkenyl
bromides 1, 2, and 3 in Scheme 1, simple substitution reactions were performed according to a
literature procedure,25 providing the thioethers in excellent yield. Products 4, 5, and 6 were isolated
at a 99% yield and in high purity directly from the flask, and the as-prepared compounds were
subjected to elemental analysis without further purification.
Workup was also easy. After 72 h the flask was flooded with water and the virtually pure
product separated from the aqueous layer. The efficient and selective oxidation method published
by Bahrami et al.26 converted thioethers 4, 5, and 6 to the α,ω-diene sulfone monomers 7, 8, and 9.
These reactions were performed open to air, giving high yields (upward of 96%). Purification by
column chromatography was performed to ensure that any long-chain, nonpolar chain-stoppers
were removed. Purity and structure were confirmed by 1H- and 13C-NMR, elemental analysis, and
mass spectrometry prior to polymerization.
Polymerization of these sulfone monomers was carried out in dry dichloromethane (DCM)
under reflux until the polymerization was complete, as evidenced by precipitation of the polymer.
Reaction times were often within 24 h, a time that undoubtedly could be optimized. Most often
ADMET is carried out under high vacuum (10−3 torr) at 50 °C to remove the ethylene condensate
and drive the polymerization reaction.27 Here, the polymerization of the appropriate sulfone
monomer was accomplished simply in refluxing DCM. This solvent is convenient for sulfone
ADMET chemistry, since it refluxes at 39 °C, keeping catalyst decomposition and side reactions
to a minimum.28
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The resulting polymers are highly resistant to solvent exposure, a clear, positive feature.
Thus far, only warm tetrachloroethane (C2Cl4D2) dissolves these sulfone polymers. Thus, NMR
investigation of the polymers was performed in C2Cl4D2.

Figure 2.3. Sulfone monomer 8 1H NMR with labeled signals (in CDCl3). b) Unsaturated
polysulfone SO214U after ADMET polymerization (in C2D2Cl4). c) Final saturated aliphatic
polysulfone SO214 (in C2D2Cl4). Note: Peak at 6.0 ppm is C2D2Cl4.

Figure 2.3 displays the 1H NMR spectra for sulfone monomer 8, unsaturated
polymer SO214U, and saturated polymer SO214. The monomers contained internal and external
olefin protons with signals appearing at 5.68–5.82 and 4.89–4.99 ppm, respectively. These signals
vanished (as expected) under ADMET polymerization conditions; no external olefin signals were
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detected. Only a single resonance at 5.44–5.37 ppm remained. SO220U displayed signals showing
the presence of a low concentration of end groups; this polymer may have precipitated prematurely,
thereby halting the reaction. Molecular weights were measured by diffusion-ordered NMR
spectroscopy (DOSY) on the unsaturated polymers dissolved in deuterated tetrachloroethane,
according to literature procedures,29 and are presented in Table 2.1. These molecular weights are
lower than those typically found for ADMET polymerizations as a result of premature precipitation
of polymer. The question remains as to what molecular weight is needed for utility, for the
polymers themselves are hard solids. Certainly, molecular weights of ≈15,000 are known to be
effective for many step-growth polymers.

Table 2.1. Molecular weight and thermal properties of precise polysulfones.
Polymer

Mw[g mol−1] (a)

Mol% SO2

Tm [°C] (b)

ΔH [J g−1]

T95% [°C] (c)

SO28U

13 800

11.1

113

31.0

302

SO214U

15 800

6.7

123

32.4

325

SO220U

4800

4.8

130

41.3

345

SO28

–

11.1

175

81.2

260

SO214

–

6.7

162

80.0

290

SO220

–

4.8

150

130.4

277

Molecular weights determined by DOSY in C2Cl4D2; b)Tm obtained from DSC at 10 °C min−1;

a)

5% decomposition determined from TGA at 10 °C min−1.

c)

p-Toluenesulfonylhydrazide in refluxing m-xylene (Figure 2.2) was used to hydrogenate
these polymers. Even though these unsaturated polymers were only partially soluble in m-xylene
at 140 °C, the reaction proceeded to completion. Complete internal olefin removal was confirmed
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by 1HNMR, as shown in Figure 2.3c, where no olefin signals are present. Further, FTIR data for
all polymers before and after hydrogenation show disappearance of the olefin C–H wag at 965
cm−1, indicating quantitative saturation. The IR data is unequivocal in detecting unsaturation.
These polymers (which no longer contain the designator U) are saturated.
Thermal and Structural Properties. Differential scanning calorimetry (DSC)
thermograms show crystallinity in all six saturated and unsaturated precise sulfone polymers
(Figure 2.4). Melting temperatures and enthalpies of melting vary significantly, but all melting
temperatures are well above 100 °C (Table 2.1). Of particular interest is the observation that the
saturated polysulfones show increasing Tm with increasing functional group concentration, and all
have higher melting temperatures than linear ADMET polyethylene (Figure 2.5). These saturated
versions of precise aliphatic polysulfones represent the first ADMET polymers to demonstrate
such behavior. Note that the unsaturated versions—the “reagent” polymers—display an opposite
trend. Also of interest is the observation of multiple melting peaks in the DSC thermograms. This
would suggest that the polysulfones are polymorphic systems with multiple crystalline forms.
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Figure 2.4. DSC thermograms of the saturated and unsaturated polymers. Plotted is the heat flow
during second heating at 10 °C min−1. Data are shifted vertically for clarity. The * indicates
the Tg of SO28U at −7°C.
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Figure 2.5. Melting temperature of saturated (filled triangles) and unsaturated (open triangles)
precise polysulfones, and linear polyethylene synthesized via ADMET (●). Mol% SO2 is defined
as the number of sulfone groups divided by (the number of methylene groups plus the number of
sulfone groups) in the polymer. Where multiple melting endotherms were observed in DSC, the
highest Tm is plotted.

The variation in Tm can be attributed to two compositional characteristics: the
concentration of sulfone groups and the concentration of C=C double bonds. In the saturated
polymers, Tm increases with increasing mol percent of sulfone groups, most likely due to hydrogen
bonding interactions between sulfone oxygens and α-hydrogens within the crystal structure.30 The
opposite trend for the unsaturated "reagent" polymers is more difficult to understand, though
typical for ADMET polymers having different functional groups: Tm decreases with increasing
concentration of sulfone groups. The primary difference is the presence of a double bond in each
repeat unit. In every prior ADMET polymer made, this site of unsaturation has been regarded as a
defect in crystals. Apparently, the Tm depression from the unsaturated bonds outweighs
the Tm enhancement from any possible hydrogen bonding that might be present, leading to reduced
melting point, relative to linear ADMET polyethylene. Molecular weight is not likely to be a factor
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in the observed melting point behavior. The weight-average molecular weight of SO220 is 4800 g
mol−1, which corresponds to 280 methylene groups per macromolecule; in the case of linear
polyethylene, little variation in the melting point is observed for chains of this size and greater.31
As noted above, unsaturated carbon–carbon bonds lower the melting temperature of
ADMET polyethylene. The lower enthalpies of the unsaturated polymers are attributed to these
defects, as well as a portion of cis-rich polymer that is excluded from the crystallites.
In SO28U (11.1 mol% SO2), unsaturated bonds are present precisely every eight carbon atoms, and
the Tm is reduced by 62 °C compared to SO28. This reduction in Tm is nearly identical in magnitude
to that of polyethylene when unsaturated bonds are introduced precisely every eight carbon
atoms,32 suggesting that the mechanism of Tm reduction is comparable.
X-ray scattering data were acquired to investigate the effects of sulfone concentration on
polymer structure (Figure 2.6). Room-temperature X-ray scattering confirms the existence of
crystallinity in all unsaturated and saturated precise sulfone polymers. At high q, a single sharp
crystalline peak at ≈15 nm−1 is observed for each of the six polymers. This peak position
corresponds to the [110] peak of the orthorhombic polyethylene crystal structure. However, the
lack of a corresponding [200] peak at ≈17 nm−1 suggests that the orthorhombic crystal is defective,
the crystals are small, or the crystal structure is pseudohexagonal.33
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Figure 2.6. X-ray scattering of the saturated and unsaturated precise polysulfones. Peaks arising
from the sulfone layers (in the ratio 1:2:3:4) are marked with inverted triangles. Traces are shifted
vertically for clarity.

Each polymer exhibits a layered morphology, as evidenced by a series of peaks at
low q whose q-positions are in the ratio 1:2:3:4 (Figure 2.6, inverted triangles). The layers
disappear when the polymer melts, showing that the layers are associated with the crystal structure
(Figure A.7). The X-ray scattering peaks associated with the layered morphology are broader,
lower in intensity, and fewer in number in the unsaturated sulfone polymers compared with their
saturated counterparts. This suggests that the unsaturated polymers form smaller or more defective
crystallites, and is consistent with the lower melting points and enthalpies observed in DSC.
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Furthermore, the peak at ≈15 nm−1 shifts to lower q for the unsaturated polymers, indicating lattice
expansion, which could be the result of less perfect chain packing (Figure 2.7).

Figure 2.7. Length scale of high-q crystalline peak as a function of sulfone concentration in
saturated (filled triangles) and unsaturated (open triangles) precise sulfone copolymers.

The layer-to-layer distance increases (peaks shift to lower q) with increasing length of the
polymer repeat unit, indicating that layers of sulfone groups are separated by crystallized
hydrocarbon segments. The distance between sulfone layers is 82% ± 1% of the calculated alltrans length of the polymer repeat unit in all six polymers (Figure 2.8), suggesting that the vector
normal to the sulfone layer plane is tilted by approximately cos−1 (0.82) = 35° relative to the chain
axis in each polymer, assuming the dihedral conformations of the polymer backbone are all trans.
The nearly constant ratio of layer spacing to all-trans length, together with the similar X-ray
scattering at high q, implies that the crystal structure is nearly equivalent in all six polymers with
the only major difference being the length of the hydrocarbon segments.
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Figure 2.8. Layer spacing (dlayer) versus calculated all-trans length of repeating unit (dall-trans) in
saturated (filled triangles) and unsaturated (open triangles) precise sulfone copolymers. Dashed
line represents the relationship dlayer = 0.82 dall-trans.

Layered crystalline morphologies have been observed in other precise copolymers
prepared by ADMET, including poly(ethylene-co-acrylic acid) (pnAA),8,34-36 poly(ethylene-cogeminal acrylic acid) (pngAA),35 poly(ethylene-co-phosphonic acid) (pnPA),9 poly(ethylene-co1-methylimidazolium bromide) (pnImBr),35 and poly(ethylene-co-sulfite) (pnSO3), where n is the
number of methylene units separating each functional group along the polyethylene backbone. 17
However, these previously studied saturated polymers either have lower melting temperatures than
linear polyethylene or do not crystallize. Furthermore, longer methylene segments (n ≥ 14) are
required for crystallization in p21AA, p21gAA, p21PA, p15ImBr, and p14SO3. The layered
morphologies in the precise sulfone polymers are distinct in two ways: the saturated polymers
show higher melting temperatures than linear polyethylene; and crystallinity is present when the
alkane segment is only 8 carbons long.
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We attribute the unusual properties of the precision aliphatic sulfone polymers to the
functional group geometry. The SO2 group mimics the atomic configuration of a CH2 group, such
that the alkane-based crystal structure more readily accommodates the SO2 than the previously
studied larger functional groups. Additionally, the semicrystalline precise copolymers mentioned
above are atactic, which frustrates crystalline packing. In contrast, the precise sulfone polymers
have no tacticity. An analogy may be drawn between the precise sulfone polymers synthesized by
ADMET and polyamides. Common polyamides contain polar amide groups precisely spaced along
a saturated alkane chain, the amide groups do not have tacticity; and polar groups arrange into
layers upon crystallization. Polyamides can crystallize when their alkyl segments are short, and
they also have high Tms which generally increase with the concentration of polar groups.37 Due to
their stronger hydrogen bonding, the amide groups provide a larger increase in Tm than do sulfone
groups—for example, polyamide 12 (with 11 methylene units separating each amide group) has a
similar Tm (≈175 °C) to the polysulfone with only 8 methylene units separating each sulfone group.
Polyamides with shorter methylene segments can have very high Tms; when the methylene spacer
length is 2, the Tm is 325 °C.4 Similarly, higher sulfone concentrations may yield Tms well above
175 °C.
The next challenge in this project is to synthesize higher molecular weight precise
polysulfones. In the current study, the molecular weight was limited by premature precipitation
during polymerization, likely due to crystallization. The low molecular weight causes brittleness
in the current polymers, making mechanical property measurements impractical. When higher
molecular weight polymer is obtained, tensile properties and drawability will be studied and
compared with polyamides.
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2.4

Conclusions
We present a simple procedure for the synthesis of precise aliphatic polysulfones via

ADMET chemistry. These new materials have two notable features relative to previously studied
ADMET polymers. First, the precise sulfone polymers form layered assemblies of the sulfone
groups and are crystalline even when the alkane space contains only 8 carbons, while other
precision polymers require longer spacers. Second, the melting temperatures of the saturated
precise sulfones are higher than linear polyethylene and the melting temperature increases with
sulfone concentration. This result is unprecedented in the entire body of precision work done with
all prior ADMET investigations. The melting points of other precise copolymers prepared by
ADMET chemistry are lower than linear polyethylene. The increase in Tm with increasing sulfone
concentration is attributed to secondary bonding between sulfone groups and α-hydrogens within
the crystal structure. The precise placement of sulfone groups along the backbone and the lack of
tacticity of sulfone groups combine to promote layer formation. In contrast, the Tm is substantially
reduced in the unsaturated precise sulfones due to disruption of the crystal structure by unsaturated
bonds. The correlations between spacer length (sulfone concentration) and the melting temperature
reported here permit Tm to be easily tuned. The relative ease of synthesis, likely scalability, high
melting temperatures, and chemical stability of these precise aliphatic sulfone polymers make them
attractive materials for specialty applications.
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Chapter 3:

Chain Folding Produces a Multi-Layered Morphology in a Precise Polymer:
Simulations and Experiments

Content in this chapter was published in 2017 in the Journal of the American Chemical Society,
volume 139, issue 10, pages 3747-3755, with authors Edward B. Trigg, Mark J. Stevens, and Karen
I. Winey.

3.1

Introduction
Controlling polymer structure to produce desired material properties is a fundamental

challenge in polymer chemistry. Recent advances have synthesized linear polymers with precisely
placed associating side groups (termed precise polymers) enabling control of the polymer crystal
structure and the location of the functional groups therein.1-3 Perhaps a continuous network of
acidic or charged side groups within a crystal structure would act as a pathway for efficient ionic,
protonic, or molecular transport through crystalline regions of the polymer, and thereby have major
implications for membrane technology.4 Here, we demonstrate that a new chain-folded structure
can be achieved simply by precise placement of acid groups along linear polyethylene. The
resulting layers of acid groups may provide a new route to effective transport within polymeric
crystals.
Ionomers, or polymers with a covalently bound ionic species, are of current interest as ion
conducting membranes for use as electrolytes in electrochemical energy storage devices 5-7 due to
several attractive properties, including non-flammability,8 chemical stability leading to improved
device lifetime,9 and single-ion conduction.10 However, ion conductivity in these systems, which
are typically amorphous, remains too low for practical use. Research on ion conduction in semicrystalline polymer systems has been less widespread, despite some promising results with PEO-
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based systems.11-13 A single-ion-conducting self-assembled monolayer with high conductivity,
comprised of densely packed carboxyl-terminated silanes, was recently reported,4 demonstrating
that densely-packed layers of acid groups could be an effective strategy for high ion conductivity.
In the present study, we aim to translate this strategy to a semi-crystalline polymer system. We
investigate the crystal structure of a precise linear polyethylene with stereo-irregular carboxylic
acid groups bonded to every 21st carbon atom along the backbone, termed p21AA. This structure
contains dense layers of hydrogen-bonded COOH groups that may provide efficient pathways for
ion transport, similar to the self-assembled monolayer.
Acyclic diene metathesis (ADMET) polymerization has produced linear polyethylenes
(PEs) with precisely spaced side groups (e.g., bonded to every 21st carbon atom).2,14,15 Studies of
these materials have proven that precise architectures control crystal structure and crystallite size
with superior precision.1,3,16-21 In ADMET-synthesized precisely functionalized PEs, two distinct
types of crystals have been reported in detail. The first are thin crystals (Figure 3.1a), in which the
crystal thickness spans only one alkyl segment. In this case the functional groups are excluded
from the crystal. This morphology has been observed in polymers with nonpolar functional groups
that are too large to be accommodated into the crystal, including ADMET polymers with hexyl
branches every 21st backbone carbon,22 butyl branches every 39th backbone carbon,23 and others.24
In the second type of crystal, extended chain, the functional groups are small enough to be
embedded inside the crystalline regions (Figure 3.1b), and these functional groups arrange into
layers to optimize packing. To accommodate the extra bulk of the functional groups, the crystalline
packing of alkyl segments in these crystals is typically different from the orthorhombic structure
of pure polyethylene, and the stems are often tilted with respect to the functional group layer
normal. Aliphatic polyamides (Nylons) are classic examples of precise polymers that form
extended chain layered crystallites.25,26 In ADMET polyethylenes containing Cl or Br groups, a
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polymorphism of crystal structures were reported, all of which were of the extended chain
variety.27,28 Methyl groups16 and sulfone groups29 also give rise to extended chain crystals. In
extended chain crystals, the overall stem trajectory is similar to crystalline PE, although kinks in
the chain backbone caused by gauche conformations near the functional groups have been
observed in some halogen-containing precise polyethylenes.28

Figure 3.1. Three possible types of layered crystals formed by precise polyethylenes. Black lines
represent alkyl backbones and blue circles represent functional groups. In thin crystals (a), which
are bounded by amorphous regions when crystallized from the melt, the crystal thickness spans
only one alkyl segment, while in extended chain (EC) (b) and adjacent reentry (AR) (c) crystals,
the crystal thickness is not limited to one segment. In (b) and (c), amorphous regions also exist but
are not shown. All three types contain functional group layers.

A third type of crystal, adjacent reentry (Figure 3.1c), is possible, though has not been
reported in ADMET polymers. Multi-layer chain folded structures related to Figure 3.1c have been
demonstrated in other synthetic polymers. Recently, Ramakrishnan and coworkers reported such
a morphology in polyesters containing alkyl segments in the backbone with precisely defined
lengths, in which short PEG chains were grafted to the polymer near each ester group. 30,31 The
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chain folds occurred near the grafting points, and the 20-carbon-long alkyl segments crystallized
upon chain folding.
In the present study we investigate the crystal structure of p21AA with respect to the three
crystal types in Figure 3.1. Using atomistic molecular dynamics (MD) simulations, X-ray
scattering, and Raman spectroscopy, we find that neither the thin crystal model nor the extended
chain model accurately matches the experimental data of semi-crystalline p21AA. Meanwhile, the
multi-layer adjacent reentry structure (Figure 3.1c), wherein the polymer chains make hairpin turns
near each functional group, matches the experimental data very well. This morphology type is
particularly interesting because the layers of functional groups are free of polymer backbones and
large functional groups may be accommodated. With an appropriate choice of functional group,
this morphology may be useful for applications such as transport of ions or small molecules
through the layers containing the functional groups.

3.2

Methods
A detailed description of experimental and simulation methods can be found in the

supporting information.
Initial Structures for Simulations. All p21AA molecules consisted of four monomers, i.e.
84 backbone carbon atoms with pendant COOH groups on the 11th, 32nd, 53rd, and 74th carbon.
p21AA Extended Chain. All initial structures of the extended chain (EC) type contained
70 molecules and were built using molecules with all-trans backbones. The initial lattice
parameters were larger than typical crystalline PE to ensure that the COOH groups did not overlap
with atoms belonging to neighboring chains, and this resulted in a low-density initial structure that
densified upon relaxation via MD. Four EC simulations were carried out, with four different
starting conditions (Table 3.1). The initial structure of EC1 used stereo-regular molecules with
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OCOH dihedrals in trans conformations, and chains were packed with alternating backbone zigzag
directions as found in orthorhombic PE, but with expanded lattice parameters (a=10 Å, b=7 Å).
The vector normal to the layer of COOH groups was tilted relative to the chain backbone, resulting
in an overall monoclinic unit cell. EC2 was similar to EC1 but used stereo-irregular molecules.
EC3 used stereo-regular molecules with OCOH dihedrals in cis conformations, and the molecules
were arranged such that all COOH groups were paired into H-bonded dimers. This dimerization
necessitated a different kind of chain packing where all backbone zigzag directions were uniform.
In the EC3 initial structure the vector normal to the COOH layer was parallel to the chain backbone.
EC4 was similar to EC3 but the COOH layer was tilted, in an attempt to improve the packing of
COOH groups in the initial structure.
p21AA Adjacent Reentry. All initial structures of the adjacent reentry (AR) type used 96
molecules with [110]orthorhombic PE hairpin chain folds near each pendant acid group. Molecules were
arranged so that neighboring alkyl segments had alternating zigzag directions, similar to
orthorhombic PE. Four AR simulations were carried out, with four distinct initial structures. In the
simplest case, AR3, molecules containing the hairpin folds described above were placed on a
nearly orthorhombic lattice. A slight departure from orthorhombic was required by the presence of
chain ends within the structure, as two neighboring CH3 groups require more volume than two CH2
groups that are bonded together. The plane containing the COOH layers was thus nearly orthogonal
to the trans alkyl segment axes. OCOH dihedrals were initially in trans conformations, and the
molecules were stereo-regular. AR4 was similar to AR3 except a significant initial tilt was
introduced to the COOH layers such that they were far from orthogonal to the alkyl stems. AR1
was similar to AR4, except the OCOH dihedrals were initially in cis conformations instead of
trans. AR2 was similar to AR1 but the molecules were stereo-irregular.
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Table 3.1. Simulations performed.
Final
Name

Initial

Initial

φOCOHa

layer tilt

Tacticity

%
energy

conformationsc segment [Å2]d
[kJ/mol]

a

Gauche Area per alkyl

b

EC1

Isotactic

Trans

Nonzero

-62

0.8%

18.7

EC2

Atactic

Trans

Nonzero

-25

15%

20.2

EC3

Isotactic

Cis

Zero

-18

EC4

Isotactic

Cis

Nonzero

-61e

AR1

Syndiotactic

Cis

Nonzero

-30

24%

19.9

AR2

Atactic

Cis

Nonzero

-12

27%

21.2

AR3

Syndiotactic

Trans

Zero

-9

AR4

Syndiotactic

Trans

Nonzero

-21

AM

Syndiotactic

-

-

0

35%f

PE

-

-

-

-

0.0%

18.0

OCOH dihedral angles were initially all trans or all cis. bFinal potential energy per mole of repeat

unit (i.e. 21 backbone carbons) at 348K, relative to amorphous state. cFinal percentage of CCCC
backbone dihedral angles that are gauche at 298K. Only the middle two monomers of each
molecule are counted. Dihedrals are considered gauche when φ<120° or φ>240°. dAt 298K (from
final structure). Error: ±1Å2. eThe final energies of EC4 and EC1 are very similar because their
final structures are very similar despite different initial conditions. fAt 348K.

Structural Relaxation via Molecular Dynamics. All EC and AR p21AA simulations
were treated in the following manner: local energy minimization, relaxation at 273K for 1 ns,
heating to 348K at 10K/ns, and relaxation at 348K for the amount of time indicated in
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Supplemental Table S1. Then EC1, EC2, AR1, and AR2 were cooled to 298K at 100K/ns and
relaxed at 298K for 15 ns for direct comparison to experimental data. These results at 298K are
shown in Figures 3.3, 3.5, 3.6, 3.7, 3.9, and B.5, and the two right-most columns of Table 3.1.
Simulation results in Figures 3.4 and 3.8 are at 348K, but little change was observed upon cooling
to 298K in the simulations that were cooled. Note that the temperature of structural relaxation in
the simulations of crystalline p21AA, 348K, is above the experimental melting temperature, 319K.
However, 348K was required to obtain sufficient mobility to relax the structures, as the dynamics
were relatively slow due to hydrogen bonding.

3.3

Results and Discussion
First we will show that the thin crystal model does not fit the experimental data. The

structures of the extended chain and adjacent reentry as determined by the MD simulations are
presented next. This simulation data is then compared to experimental X-ray and Raman data,
which match the AR simulations.
Number of Layers in a Crystallite. To assess the viability of the thin crystal model
(Figure 3.1a) for p21AA, the Scherrer equation is applied to synchrotron-source X-ray scattering
of melt-crystallized p21AA (Figure 3.2). A series of peaks in the ratio 1:2:3 is observed in p21AA
corresponding to layers of COOH groups with an inter-layer spacing of 25 Å, as reported
previously.3,20,21 The Scherrer equation relates the FWHM of the first peak to the approximate
2𝜋

lower limit of the correlation length along the layer normal, ℓ𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 ≥ Δ𝑞 , where Δq is the
FWHM. This analysis yields a minimum correlation length of 130Å, corresponding to five COOH
layers. Thus, the average crystallite contains at least five layers and the thin crystal model, which
contains only two layers, can be ruled out. Note that bulk-crystallized p21AA was previously found
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to be semi-crystalline based on the existence of a small angle X-ray scattering peak at 0.038 Å-1,
corresponding to an inter-crystallite distance of ~160 Å.3

Figure 3.2. Synchrotron X-ray scattering at 298K of p21AA crystallized from the melt.

Simulated Extended Chain Structure. The extended chain structures (stereo-regular,
EC1, and stereo-irregular, EC2) are summarized visually in Figures 3.3 and 3.5. Initial structures
for EC simulations were constructed with backbones in all-trans (extended) conformations (Figure
3.3a) and contain 70 molecules each consisting of four monomers. Figure 3.3c shows the full
simulation box of the final EC1 simulation. Three projections of each final simulation box are
shown in Figure B.1. Two additional stereo-regular simulations, EC3 and EC4, are summarized
visually in Figures B.2 and B.3.
In EC1, the stereo-regular molecules form a nearly-defect-free crystal structure as shown
in Figure 3.3b, 3.3d, and 3.3e, in which x-z, x-y, and y-z slices or projections are presented,
respectively. Carboxylic acid groups hydrogen bond with each other in the trans/multimer motif
(see Figure 3.4a) to form infinite chains (or columns) along the y axis. These infinite columns of
acid groups exist in pairs and these pairs are distributed periodically amongst the alkyl regions.
Each column is highlighted in purple in Figures 3.3b and 3.3e. Figure 3.3 conveys the high degree
of ordering in this simulation, with ~97% of COOH groups participating in trans/multimer Hbonding (see Figure 3.4b) at any point in time after initial relaxation.
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Figure 3.3. Snapshots from the EC1 simulation. (a) x-z plane of initial configuration, (b) x-z plane
of final configuration, (c) full simulation box of final configuration with simulation box edges ⃗𝒂,
⃗𝒃, and 𝒄
⃗ , and orthogonal coordinate system 𝒙
̂, 𝒚
̂, and 𝒛̂ defined, (d) x-y projection of final
configuration (chain axis into the page) with only methylene carbons visible, (e) y-z plane of final
configuration with alkyl hydrogens not shown. All atoms are shown in (a), (b), and (c). Carbon
atoms in black, oxygen atoms in red, and hydrogen atoms in gray. Green arrows in (d) indicate the
zigzag directions of the all-trans backbones. Temperature of (b) through (e) is 298K.

The alkyl segments are also highly ordered and more than 99% trans. In Figure 3.3d, the
backbone axis is into the page, and the zigzag direction of each backbone is indicated by a green
arrow. It is clear that the zigzag direction is nearly uniform across all chains. Therefore, this
structure is quite distinct from orthorhombic PE and bears more resemblance to monoclinic or
triclinic PE. There is some long-range curvature to the backbones, apparent in Figure 3.3b, to allow
for efficient packing of the COOH columns. This curvature is achieved by deviations of the
backbone dihedral angles from exact trans (180°) by as much as 10° while still remaining within
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the trans potential well (Figure B.5 shows a substantially broader distribution of trans dihedral
angles in EC1 than PE). Remarkably, the acid groups can be accommodated in this structure
without significant introduction of backbone gauche conformations. A single defect – a pair of
backbone gauche conformations – can be found in Figure 3.3b, highlighted by the blue circle.
EC1 has by far the lowest final potential energy of any structure studied (Table 3.1),
consistent with the very high degree of ordering seen in Figures 3.3 and 3.4b. (The energy of EC4
is similar to EC1 because the final structure is very similar.) This low energy is primarily due to
more than 99% of backbone conformations being trans, 99% of available hydrogen bonds being
satisfied, and efficient packing. However, EC1 is not comparable to the experimentally observed
polymer, which is stereo-irregular.
In Figure 3.5, the final structure obtained from EC2, the extended chain simulation of
stereo-irregular molecules, is presented. Clearly, the lack of stereo-regularity greatly increases the
degree of disorder compared with EC1, and the potential energy is correspondingly much higher
(Table 3.1). As seen in Figure 3.5a and 3.5c, the positions of COOH groups, highlighted by the
purple ovals, are irregular and lack periodic ordering. The percentage of backbone gauche
conformers increases from less than 1% in EC1 to 15% in EC2 (Table 3.1), with gauche
conformers indicated with blue circles in Figure 3.5, and the intramolecular component of the
potential energy is 18 kJ/mol higher than EC1 as a result (Table B.1). The strong driving force for
H-bonding causes H-bonds to form at the expense of some backbone order. Figure 3.5b shows that
the backbone zigzag directions are somewhat disordered, in some regions resembling triclinic or
monoclinic PE and in other regions resembling orthorhombic PE packing. The regions of
orthorhombic-PE-like packing could be influenced by the initial configuration, which was 100%
orthorhombic. Trans/multimer H-bonding is still the most common H-bonding type, but only ~37%
of COOH groups are found in this state, and only 82% of available H-bonds are satisfied (Figure
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3.4c). Nearly one third of COOH groups have only one H-bond, a clear indication of a lack of
favorable packing. The stereo-irregularity greatly disrupts the ability to hydrogen bond and pack
efficiently, significantly increasing the number of backbone gauche conformations and the
potential energy of the extended chain structure.

Figure 3.4. (a) Possible COOH hydrogen bonding states and their nomenclature. Percentage of
COOH groups in various H-bonding states over time is shown in (b) EC1, (c) EC2, (d) AR1, and
(e) AR2. Cis and trans refer to the OCOH dihedral conformation. Dimer refers to a COOH group
which is H-bonded twice to the same partner, while Multimer refers to a COOH group which has
two H-bonds to two different partner COOH groups. Data is at 343K; the change after cooling to
298K was less than 5% for simulations that were cooled.
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Figure 3.5. Snapshots from the EC2 simulation. (a) x-z plane of final configuration, (b) x-y
projection of final configuration (chain axis into the page), (c) y-z plane of final configuration. The
x, y, and z directions are defined in Figure 3.3. Note that some COOH groups are H-bonded to
COOH groups that are hidden from view in (a) and (c). All atoms are shown in (a); only backbone
carbon atoms are shown in (b); and only backbone carbons and COOH groups are shown in (c).
Temperature is 298K.

Simulated Adjacent Reentry Structures. The adjacent reentry structures, stereo-regular
(AR1) and stereo-irregular (AR2), are shown in Figures 3.6 and 3.7. Initial structures for adjacent
reentry simulations were constructed with hairpin chain folds at the location of each COOH group,
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Figure 3.6a. The image shows the structure before densification and thus the gap between acid
layers is large. The full simulation box of the final configuration of AR1 is shown in Figure 3.6c.
Three projections of each simulation box are shown in Figure B.6. The additional stereo-regular
simulations, AR3 and AR4, are summarized visually in Figures B.7 and B.8.

Figure 3.6. Snapshots from the AR1 simulation. (a) x-z plane of initial configuration, (b) x-z plane
⃗,
of final configuration, (c) full simulation box of final configuration with simulation box edges 𝒂
⃗ , and 𝒄
⃗ , and the orthogonal coordinate system 𝒙
̂, 𝒚
̂, and 𝒛̂ defined, (d) x-y projection of final
𝒃
configuration (chain axis into the page), (e) y-z plane of final configuration. All atoms are shown
in (a), (b), and (c); only backbone carbon atoms are shown in (d); and only backbone carbons and
COOH groups are shown in (e). Temperature is 298K.

57

Representative slices and projections of the final structure of AR1 are shown in Figure
3.6b, 3.6d, and 3.6e. The COOH groups are located on the “corners” of the chain folds (Figure
3.6b), and they usually H-bond with the COOH group on the corner of the opposing fold
(highlighted by purple ovals). The H-bonding type is predominantly cis/multimer, meaning the
OCOH dihedral angles are cis and each COOH group is H-bonded to two different partners (see
Figure 3.4a). Figure 3.4d shows this clearly, where roughly 75% of COOH groups are
cis/multimer. Overall 96% of available H-bonds are satisfied. Alkyl segments are mostly trans
except for the portions participating in chain folds, with four to five gauche conformations
associated with a typical chain fold. In Figure 3.6d, which only shows the mostly-trans alkyl
segments and not the chain folds or COOH groups, the zigzag directions of the backbones can be
seen. Like EC1, the zigzag directions of the alkyl segments are generally uniform, although several
defective segments with other zigzag directions are present. Figure 3.6c shows that the plane
containing the COOH groups is not orthogonal to the chain axis of the trans backbones, although
the tilt is not quite as severe as in the EC simulations (Figures 3.3c and 3.5a).
Overall, the structure of AR1 is more disordered than EC1. This may be at least partially
explained by the presence of chain ends within the crystal structure (chain end locations are
indicated with orange circles in Figure 3.6a, 3.6b and 3.6d). In EC1, chain ends are segregated to
the sides of the simulation box, but constructing AR1 that way was not possible. The potential
energy of AR1 is much higher than EC1, due largely to the many gauche conformations in the
chain folds. The Coulombic contribution to the potential energy is lower in AR1 than EC1 (Table
B.1), perhaps due to the greater segregation of COOH groups from alkyl segments in AR1.
Figure 3.7 shows AR2, the stereo-irregular adjacent reentry structure. The stereoirregularity clearly disrupts the ordering of the H-bonding compared with AR1. The percentage of
potential H-bonds satisfied is 82%, identical to EC2 and much lower than either AR1 or EC1. Both
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AR2 and EC2 possess a mixture of states of COOH groups, predominantly trans/multimer,
cis/multimer, and 1 H-bond (Figure 3.4e). Figures 3.7a and 3.7c show that the H-bonding is quite
disordered and aperiodic. In Figure 3.7b, the zigzag directions of the alkyl segments are quite
disordered while still maintaining mostly trans conformations. The packing of alkyl segments
appears to be roughly hexagonal, reminiscent of the hexagonal rotator phase of n-alkanes.32 The
potential energy of AR2 is significantly higher than that of EC2 (Table 3.1), and this energetic
difference is entirely accounted for by the difference in intramolecular energy (Table B.1), which
is a consequence of chain folding in AR2.
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Figure 3.7. Snapshots from the AR2 simulation. (a) x-z plane of final configuration, (b) x-y
projection of final configuration (chain axis into the page) with only methylene carbons visible,
(c) y-z plane of final configuration with alkyl hydrogens not shown. The x, y, and z directions are
defined in Figure 3.6. Note that some COOH groups are H-bonded to COOH groups that are hidden
from view in (a) and (c). Temperature is 298K.

Layer Spacing. The distance between layers of COOH groups is observable
experimentally via X-ray scattering and is therefore of critical importance in comparing the
simulated structures with experiment. Remarkably, we find excellent agreement between all
adjacent reentry simulations (AR1, AR2, AR3, and AR4) and the experimental value of 25Å
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(Figure 3.8). The stereo-regularity does not have a significant effect on layer spacing (AR1 vs.
AR2). In addition, the initial angle between the alkyl segment axis and the vector normal to the
acid layer plane was 0° in AR3, and the layer spacing of the final structure did not change
significantly compared with AR1 because the angle became nonzero during relaxation. The initial
OCOH dihedral angle also did not significantly affect the layer spacing (AR1 vs. AR4). The
robustness of the agreement between simulation and experiment suggests that the adjacent reentry
structure is a reasonable model for the experimentally observed structure of p21AA crystallized
from the melt.
On the other hand, the layer spacings in the four extended chain simulations (EC1, EC2,
EC3, and EC4) are significantly lower than the experimental observation. The layer spacing of
both EC1 and EC2 are ~20.5Å – almost 20% lower than the experimental value. Although the
all-trans (extended) length of the monomeric unit is 26.7Å, the layer spacing is much lower than
this in EC1 and EC2 because the backbone axis is far from orthogonal to the plane containing the
COOH groups. In EC3, the backbone axis was orthogonal to the COOH layer plane in the initial
structure, but quickly became non-orthogonal during relaxation and the layer spacing decreased
from ~26.7Å to 21Å. The COOH layer must be non-orthogonal to the backbone axis in the
extended chain structure for efficient packing. In EC4, a rapid increase in layer spacing is observed
after ~30-40 ns at 348K. This rapid increase is due to a transition of the OCOH dihedral angles
from cis to trans (Figure B.4b), and after 40 ns the structure resembles EC1 but with a stacking
fault (Figure B.3d). Based on these simulations, the non-orthogonality required in extended chain
structures causes the layer spacing to be less than 22Å. As a result, we conclude that these extended
chain structures are unlikely to be the dominant conformation type in the bulk p21AA studied
experimentally.
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Figure 3.8. Layer spacing of adjacent reentry and extended chain simulations. Black dashed line
shows experimental layer spacing obtained from X-ray scattering of a bulk sample of p21AA at
298K. All simulation data are at 348K; the change upon cooling to 298K is less than ± 0.3 Å for
simulations that were cooled.

Local Packing of Alkyl Segments. The structure factor was calculated from the stereoirregular simulations, AR2 and EC2, at 298K for comparison with experimental X-ray scattering
from a bulk sample, and the comparison is shown in Figure 3.9. The experimental data is
decomposed into an amorphous halo (dashed gray) and a Bragg peak (solid gray). This Bragg peak
is centered at 1.47 Å-1 and is reproduced behind the AR2 and EC2 curves in Figure 3.9 for
comparison. The simulation systems are solely crystalline and do not possess the amorphous halo.
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Figure 3.9. Comparisons of structure factors from simulations and experimental result at 298K.
Experimental WAXS of semi-crystalline p21AA (top) deconvoluted into amorphous and
crystalline peaks (black – experimental; green - total fit; dashed gray - amorphous halo; solid gray
- crystalline peak); and structure factors calculated from AR2 and EC2 simulations. The structure
factor calculation yields a series of delta functions with defined relative intensities, and these delta
functions were convoluted with Gaussian functions of uniform FWHM = 0.078 Å-1, which was
chosen to best match the experimental data.

The structure factor of AR2 shows a single strong reflection in the range of 1Å-1 < q < 2Å1

. This is consistent with a hexagonal arrangement of alkyl segments as observed in wide angle X-

ray scattering (WAXS) of PE in its high-pressure hexagonal phase.33 The structure factor of AR2
is remarkably consistent with the experimental result (solid gray), as both consist of a single peak
centered at 1.47 Å-1. Meanwhile, the structure factor of EC2 shows multiple reflections, probably
due to non-hexagonal packing of alkyl segments as seen in Figure 3.5b. The position of the most
intense peak in the EC2 structure factor is 1.44 Å-1, lower than experiment but comparable to the
discrepancy observed in our PE simulation. Note that the peak breadths of the simulation structure
factors were chosen to best match experiment. The structure factor from our simulation of
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oligomeric PE (C84) (Figure B.9) shows reasonable agreement with typical experimental X-ray
scattering of PE; experimental q110 = 1.53 Å-1,34 simulated q110 = 1.55 Å-1.
To further characterize the packing of the alkyl segments, the Raman spectra of p21AA
and HDPE were measured (Figure 3.10). Perhaps the most striking difference between the two
spectra is in the CH2 bend region (1400-1500 cm-1). HDPE shows features typical of orthorhombic
packing, specifically a sharp peak at 1415 cm-1 (Figure 3.10, red line), while the spectrum of
p21AA entirely lacks this peak. Instead, the CH2 bend region of p21AA strongly resembles that of
hexagonal PE, having a somewhat broad feature centered at ~1440 cm-1.35 Overall, in a comparison
of orthorhombic, monoclinic, triclinic, and hexagonal n-alkanes,36 p21AA clearly resembles the
hexagonal phase most strongly. Based on this analysis, and the single Bragg peak observed in
X-ray scattering that is consistent with the AR simulations, we conclude that the methylene
segments of p21AA pack in a hexagonal fashion. Hexagonal packing was previously observed in
two ADMET polyethylenes with methyl groups every 15 and 21 carbons.16

Figure 3.10. Raman spectrum of p21AA compared with HDPE at 298K. Spectra are vertically
shifted and rescaled for clarity.
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Thus, we assign the single sharp experimental X-ray scattering peak to the [100]hexagonal PE
reflection. The experimental d100 of p21AA is 4.27Å, which is 3% larger than that of hexagonal
PE (4.13Å);33 this discrepancy is readily attributable to the very high pressures under which
hexagonal PE is measured (>1500 bar). We conclude that the trans CH2 segments in the ordered
phase of p21AA are packed on a roughly hexagonal lattice, and are most likely disordered with
respect to rotation about their axes.
Shifting focus to the C-C stretch region (1000-1200 cm-1), the feature at 1083 (Figure 3.10,
gray line) is much more intense in p21AA than HDPE. This feature is often assigned to amorphous
backbone conformations,35,37 while the adjacent sharp peaks at 1063 and 1130 correspond to
backbone segments with at least 10 consecutive trans conformations.38 The peaks at 1063 and 1130
are broader in p21AA than HDPE, perhaps indicating shorter consecutive trans segments in
p21AA. The high intensity of the 1083 feature in p21AA is consistent with a lower crystallinity in
p21AA than HDPE, as reported previously by solid state NMR (35%21 and 44%39 crystallinity in
p21AA have been reported with different thermal histories). However, in crystalline C168 linear
alkane, a feature at 1083 was assigned to chain folding,40 and the high intensity of the feature in
p21AA could be indicative of chain folding within the crystal structure as in the adjacent reentry
simulations.
By examining the CH2 twist region (1260-1360 cm-1), Migler et al.37 recently quantified
the fraction of CH2 units that belong to segments of at least three to five consecutive trans bonds,
ftrans, in PE. This quantity was extracted from the ratio of the integrated intensities of the features
at 1296 and 1307 cm-1 (Figure 3.10, blue lines).37,41 Following this method, our values of ftrans are
0.48 in p21AA, compared with 0.90 in HDPE (fits shown in Figure B.9). This result should not be
directly interpreted as the fraction of the crystalline phase in p21AA, because gauche-rich chain
folds within the ordered phase could contribute to the broad feature at 1307 cm-1.
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3.4

Discussion
The agreement between the AR2 and the experimental data is strong, but EC2 has lower

potential energy. This indicates that the kinetics of crystallization must also be considered. Meltcrystallized polymer systems are dynamically trapped in semi-crystalline states, which are not in
(or even near) the lowest free energy state. We expect this trapping to be even more pronounced
when polymer dynamics in the melt are significantly impeded by strongly interacting moieties, in
this case the hydrogen-bonding COOH groups. The question is when the crystallites form, which
is more likely to occur, the extended chain or the adjacent reentry structure? For crystallization to
occur in p21AA, alkyl segments of neighboring chains must align such that their acid groups are
in registry, requiring some degree of translational motion – but if a chain folds at the location of a
COOH group, the adjacent segments are already near the correct position to add to the growing
crystal face. The unusual multi-layered adjacent reentry structure (Figure 3.1c) may be caused by
H-bond templating. A chain-folded surface at the crystal-amorphous interface would be decorated
with COOH groups that, through H-bonding with neighboring amorphous chains, could template
the crystallization of those amorphous chains.
For a true thermodynamic comparison of the EC and AR simulations, the total free energy
should be considered, not just the potential energy. Entropy is not measured in simulations as it is
quite expensive to do so. Thus, the relative free energies of EC2 and AR2 are not known. The
adjacent reentry structure is likely to have higher entropy due to conformational degrees of freedom
arising from the chain folds, and also a greater number of possible chain conformations (compared
with a strictly straight backbone in the extended chain case), which would imply a smaller entropic
contribution to the free energy for the AR structure.
Several additional pieces of evidence point to the adjacent reentry structure as the most
likely. It is valuable to compare p21AA with two similar ADMET polymers, one with two
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carboxylic acid groups bonded to every 21st carbon (p21gAA), and the other with one phosphonic
acid group bonded to every 21st carbon (p21PA).21 Despite the very different van der Waals
volumes of these three functionalities (approximately 35 Å3 for COOH, 70 Å3 for (COOH)2, and
50 Å3 for PO3H2),42 the corresponding layer spacings vary by only 7%, and p21PA has the highest
layer spacing of the three. If these were EC layers, a larger functional group volume would require
a larger tilt angle between the functional group layer normal and the chain axes for efficient
packing, thus decreasing the layer spacing – so we would expect p21PA to have a smaller layer
spacing than p21AA because it has a larger van der Waals volume. Furthermore, p21AA, p21gAA,
and p21PA show very similar primary melting points via DSC (47.7°C, 46.1°C, and 47.4°C
respectively),21 and if their structures were EC, larger functional groups would be expected to
perturb the crystal structure to a greater extent and lower the melting point. For example, changing
the functional group from methyl to ethyl (each bonded to every 21 st carbon) lowers the melting
point from 63°C to 24°C.24 Also, the melting points of these three ADMET acid-containing
polymers are all within 4°C of the melting points of chain-folded crystals of PEG-grafted
polyesters with alkyl segment lengths of exactly 20,30 further suggesting that the ADMET
polymers have chain folding in their crystal structures.
While the adjacent reentry model presented in this work agrees well with experimental
characterization of melt-crystallized p21AA, the morphology is likely more complex in reality.
The chain folding is likely more irregular than constructed in the simulations or shown in Figure
3.1c, and a few extended chains might even exist as defects within the crystal. The simulations
have only treated the structure of an infinite crystal composed of oligomeric molecules and the
larger scale semi-crystalline structure that incorporates a sizeable amorphous fraction remains to
be studied.
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The intriguing consequence of finding layers of carboxyl groups within the AR crystal
structure is the impact on transport of ions. The close proximity of the carboxyl groups as seen in
Figure 3.7 could allow for ionic transport without extensive segmental motion of the polymer
which greatly impedes conduction. In this case, thermally activated ion hopping directly between
carboxyl groups would dominate the transport mechanism. Such a phenomenon was recently
reported in a carboxyl-terminated silane monolayer, in which Ag+ and Ti4+ ions possessing
excellent conductivity across the surface of the self-assembled monolayer.4 The high density of
carboxyl groups at the surface, ~5 nm-2, allowed the ions to move between sites. The areal density
of carboxyl groups in a layer in our AR2 simulation is similar, 4.3 nm-2. These p21AA crystals
therefore have the potential to provide ionic pathways similar to the self-assembled monolayer, but
to extend the concept into three dimensions. The challenge will be to control the assembly of the
crystals such that the COOH layers are large enough to provide a continuous ion pathway over a
relevant length scale, and are oriented in useful directions. The AR structure is expected to be
superior to the EC structure for ion transport, because in the EC structure the layers of carboxyl
groups share the layer plane with hydrophobic methylene and methine groups, which could impede
the ion pathways. The presence of these hydrophobic groups also dilutes the areal density of
carboxyl groups, which is only 3.1 nm-2 in the EC2 simulation. For transport purposes, alignment
of the layered structures is desired, and such alignment can be achieved via mechanical
deformation20 and perhaps via directed self-assembly.

3.5

Conclusion
The layered morphology of an ADMET PE with carboxylic acid groups pendant to every

21st carbon atom was studied in detail using atomistic MD simulations, X-ray scattering, and
Raman spectroscopy. We find that the simulated adjacent reentry structure matches the
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experimental data obtained from a melt-crystallized sample. The stereo-irregular adjacent reentry
simulation matched both the low q and the high q experimental X-ray scattering. The experimental
Raman spectrum shows hexagonal packing of mostly trans alkyl segments. This agrees well with
experimental X-ray scattering and the packing observed in the stereo-irregular simulations.
The intriguing advantage of the adjacent reentry morphology is the presence of layered
channels of the functional groups. This remarkable morphology might facilitate rapid transport
within these layers, independent of the polymer segmental dynamics. Optimal transport will rely
on judicious selection of the pendant group chemistry. Our preliminary results with a semicrystalline precise sulfonic-acid-containing PE show excellent conductivity that could be even
further improved by fabricating a macroscopically anisotropic layered morphology.
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Chapter 4:

Transverse Orientation of Acid Layers in the Crystallites of a Precise
Polymer

Content in this chapter was published in 2017 in Macromolecules, volume 50, issue 22, pages
8988-8995, with authors Edward B. Trigg, L. Robert Middleton, Demi E. Moed, and Karen I.
Winey.

4.1

Introduction
Molecular chain folding is of fundamental importance for both biological macromolecules

and synthetic polymers.1-5 Tight chain folds are of particular importance for crystallizable
polymers, a field of great industrial relevance and with unresolved fundamental questions.6-8 Over
the last several decades, researchers have made increasing progress towards controlling chain
folding in polymers. The periodic placement of certain functional groups along the backbone leads
to chain folds at the position of each functional group in vesicle-forming precise ionenes,9-10
periodically grafted polyesters,11-13 and others,14 when the spacing between functional groups is
sufficiently large. For polyesters with periodic propyl grafts, the propyl groups are excluded from
the crystallite resulting in a structure similar to a typical lamellar crystallite but with propyl groups
decorating the crystallite surface. These crystallites are separated by amorphous polymer. For
grafted polyesters with longer, less miscible side groups (PEG, PTFE), many consecutive
crystalline layers are formed, and the side groups form the amorphous regions that separate the
crystalline layers.
Precise polyethylenes, that is polyethylenes with precisely periodic functional groups
along the linear backbone, have been shown to crystallize with interesting structures that lend
themselves to detailed structural characterization.15-17 Bulky hydrophobic side groups are excluded
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from the crystalline regions, yielding crystallites with thickness precisely determined by the side
group periodicity, similar to the propyl-grafted polyesters.18-19 Halide side groups as well as sulfone
backbone groups are sufficiently small to form layers embedded within the crystallites, with the
crystalline backbones in mostly extended conformations (similar to Nylon).20-21
Recently we reported a multilayer chain-folded ordered structure22 in a linear polyethylene
containing pendant carboxylic acid groups precisely every 21st backbone carbon atom, termed
p21AA.23 Within the ordered domains, tight chain folds occur at the location of each acid group,
and these chain folded surfaces associate with one another to form hydrogen bonds. Unlike the
above examples of controlled chain folding, bulk p21AA contains crystalline domains consisting
of multiple chain-folded layers that coexist with amorphous domains. It is not known how this
type of multilayer structure would interface with amorphous regions. Here we show that p21AA
is indeed semicrystalline, and that the layers of acid groups run approximately perpendicular to the
crystallite’s lamellar plane, with the crystalline alkyl segments nominally in the lamellar plane, as
in Figure 4.1b. These transverse acid layers may provide ionic pathways through the crystalline
lamellae, having implications for the design of ion and proton conducting membranes.
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Figure 4.1. Idealized schematics of the two limiting cases of acid layer orientation within
crystalline lamellae of p21AA: (a) in-plane and (b) transverse. θ is defined as the angle between
the acid layer normal and the lamellar plane normal.

4.2

Methods
Optical Microscopy. The batch of p21AA used in this study was reported previously (Mn

= 18.3 kg/mol, PDI = 1.9, and Tm = 46°C and Tg = 13°C via DSC with 10°C/min cooling and
heating ramps).24 For optical microscopy, p21AA was dissolved in a 4:1 xylenes:methanol mixture
at 0.5 wt%, and drop cast onto a microscope slide at 80°C. The sample was dried under vacuum at
80°C for 12 hours. The sample was then cooled slowly from 80°C to 45°C, held for 10 minutes,
and then slowly cooled to room temperature and aged under vacuum at room temperature for nine
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months. Optical microscopy was performed at room temperature using an Olympus BH2 UMA
microscope at 100x magnification with the sample placed between polarizers with mutually
perpendicular orientation.
Thermal Analysis. Differential scanning calorimetry (DSC) was carried out using a
Q2000 (TA Instruments). A 5 mg sample of p21AA was dried at 80°C (well above Tm) under
vacuum, then was transferred to a nitrogen glove box and crimped in a hermetic pan to prevent any
water uptake. All runs except for the Tc = 23°C run were carried out as follows. The sample was
heated to 80°C in the DSC, held for ten minutes, then quenched to the crystallization temperature
at 60°C/min. The sample was kept at the crystallization temperature at least until the exothermic
crystallization process could no longer be detected by the DSC, and then the sample was heated to
70°C at 10°C/min. This final heating ramp is shown in Figure 4.3. For Tc = 23°C, the sample
(inside the sealed hermetic pan) was heated on a hot plate set to 90°C for ten minutes, then
quenched by placing the sample into a water bath at 23°C for one hour. Then the sample was
transferred to an oven set to 23°C for seven days. Finally, the sample was transferred to the DSC
and the 10°C/min heating ramp was executed.
Quiescent X-ray Scattering. For X-ray scattering, p21AA was melt-pressed between two
20-μm mica disks with a final polymer thickness of ~300 μm. For the crystallization temperature
of 23°C, the p21AA sample was melted on a hot plate set to 90°C for 15 minutes, then quenched
to 23°C by rapidly pressing the sample onto a metal block (heat sink) at 23°C. After dwelling at
23°C for three hours, X-ray scattering was collected at room temperature. For the crystallization
temperatures of 35°C and 41°C, the sample was heated to 60°C (above Tm) in situ using an in situ
Linkam hot stage, and WAXS was collected to ensure complete melting. Then the sample was
cooled to the crystallization temperature (cooling rate ~ 2°C/min) and crystallized for two hours.
Then X-ray scattering (SAXS and WAXS) was collected at the crystallization temperature to avoid
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additional crystallization at other temperatures. Nylon-12 samples (Scientific Polymer Products)
were melt-pressed into free-standing films (thickness ~ 500 μm) and crystallized from the melt
state between PTFE-lined steel plates on a hot plate set to 73°C, 130°C, 140°C, or 150°C for 15
minutes. Samples were then rapidly quenched to room temperature and X-ray scattering was
performed at room temperature. (The Tg of Nylon-12 is well above room temperature.)
Quiescent X-ray scattering presented in Figures 4.3 and 4.4 was performed at the MRL Xray Facility at the University of California, Santa Barbara. A XENOCS Genix 50W X-ray
Microsource was used with an X-ray wavelength of 1.54 Å, a XENOCS FOX2D monochromator,
and a DECTRIS EIGER R 1M detector. The sample-to-detector distance was 170 cm for SAXS
and 14.5 cm for WAXS. The X-ray scattering presented in Figure 4.5 was collected at the MultiAngle X-ray Scattering (MAXS) facility at the University of Pennsylvania, with an X-ray
wavelength of 1.54 Å and a sample-to-detector distance of 54 cm. Primary data analysis and fitting
of X-ray scattering utilized the Datasqueeze software version 3.0.5.25
Modeling of Quiescent X-ray Scattering. Real-space 3D models were constructed to
evaluate the relationship between crystallite geometry and inter-layer X-ray scattering peak shape.
The models consisted of atoms arranged into perfectly thin, flat layers with a inter-layer distance
of ~ 25 Å. The layers were truncated to obtain the desired crystallite size and shape. Within a layer,
atoms were placed on a square lattice with a lattice parameter of 5 Å. Then, each atom was
displaced by a random quantity between -5 and +5 Å in both y and z, the in-plane dimensions. The
purpose of this is to create a highly disordered structure within the layer to eliminate scattering
induced by the intra-layer structure. From the real space models, X-ray scattering was calculated
using the pairwise Debye equation via a code available on Github.26-27 All crystallite models had
lateral dimensions of 500 Å x 500 Å to approximate very large lateral size. We found that
increasing the lateral size beyond 500 Å had little to no effect on the calculated X-ray scattering.
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In Situ X-ray Scattering During Tensile Deformation. The p21AA sample was
prepared for the in situ test by hot pressing a film well above Tm, cooling to room temperature at
~ 15°C/min, and aging the sample under vacuum for at least three days. The sample was cut into
a bowtie shape for tensile testing. In situ tensile deformation was performed at beamline 5ID-D
(DND-CAT) of the Advanced Photon Source at Argonne National Laboratory, and the exact setup
used was reported previously.28 In Figure 4.7, scattering profiles along the meridian and equator
were obtained by integrating 2-D scattering patterns over 30° azimuthal wedges centered at the
meridian and equator. See Figure C.1 in the supporting information for fit details.

4.3

Results
Semicrystalline Morphology. First the semicrystalline nature of p21AA should be firmly

established. Previously, PFG-NMR29 and Raman spectroscopy22 were used to estimate the
crystallinity of bulk-crystallized p21AA, yielding estimates of 44% and 48% respectively. We use
cross-polarized optical microscopy to examine the micron-scale morphology. As seen in Figure
4.2, spherulites are present in p21AA, with a diameter of ~5 μm. The spherulites exhibit the
Maltese cross pattern, indicating spherically symmetric molecular alignment within the spherulite.
Note that standard cross-polarized optical microscopy is incapable of distinguishing between radial
and tangential molecular alignment. Spherulites in polymers are typically associated with classical
lamellar crystallites that grow radially from a nucleation site and coexist with amorphous regions
in crystalline-amorphous stacks characterized by a long period (inter-crystallite distance).30-31 Thus
it is very likely that p21AA forms lamellar crystallites. In this p21AA sample the spherulites
coexist with elongated lath-like structures, or axialites, (Figure 4.2) similar to those observed in
polyethylene32 and the γ-phase of isotactic polypropylene (iPP)33-34 at low undercoolings. Using
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AFM, the axialites in iPP were found to contain aligned lamellar stacks of crystalline and
amorphous domains.

Figure 4.2. Polarized optical micrograph of bulk-crystallized p21AA. Spherulites are present,
exhibiting the Maltese cross pattern, circled in red. The white arrows indicate the polarizer
directions. The patchiness may be due in part to uneven sample thickness.

An isothermal crystallization study was performed on p21AA to examine the effect of
crystallization temperature (Tc) on the melting profile (Figure 4.3). The melting behavior exhibits
a strong dependence on Tc, consistent with the typical behavior of semicrystalline polymers. At
large undercoolings there are two melting temperatures; the first is attributed to initial melting of
crystallites formed at Tc, while the second is attributed to final melting of new, larger crystallites
that are formed during the heating ramp.35
To further investigate the potential for crystalline-amorphous stacks in p21AA, SAXS was
performed with three isothermal crystallization temperatures: 23°C, 35°C, and 41°C. The Lorentzcorrected SAXS plot (Figure 4.4a) shows a well-defined peak that shifts to lower q with increasing
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Tc. The length scale indicated by this peak, ~100-200 Å, is consistent with typical inter-crystallite
(i.e. long period) scattering of crystalline-amorphous stacks in semicrystalline polymers.
Furthermore, the shift to lower q with increasing Tc is consistent with thicker crystalline lamellae
at higher Tc, as expected. On the basis of the optical microscopy, melting behavior, and SAXS we
conclude that the morphology of p21AA consists of crystalline-amorphous lamellar stacks, as is
commonly observed in semicrystalline polymers.
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Figure 4.3. (a) DSC thermograms on heating at 10°C/min after isothermal crystallization at the
specified temperature. (b) Temperature(s) of peak melting from (a) as a function of crystallization
temperature. The black line has a slope of 1 and accurately describes the first melting peak
temperature observed upon heating. The gray line has a slope of 1 and an intercept of 0.
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Figure 4.4. Small-angle (a, b) and wide-angle (c) X-ray scattering of p21AA isothermally
crystallized from the melt at three temperatures. Scattering profiles in (a) and (c) are strongly
affected by crystallization temperature, but not (b). X-ray scattering was collected at the
crystallization temperature. The intensity scales in (b) and (c) are different (the tick marks denote
the same intensity step). A continuous I vs. q curve for p21AA from .009 to 1.8 Å-1 is available in
Figure C.2 for Tc = 41°C.

Transverse Layer Orientation from Quiescent X-ray Scattering. We use X-ray
scattering of isotropic, bulk-crystallized p21AA samples to examine the orientation of the acid
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layers within a crystalline lamella. The two limiting cases of layer orientation are drawn in Figure
4.1: in-plane and transverse. X-ray scattering is collected from three p21AA samples, with Tc =
23°C, 35°C, and 41°C. Figure 4.4a shows that the long period increases by roughly a factor of two
(87 Å to 195 Å) as Tc is increased. Meanwhile, Figure 4.4b shows little change to the inter-layer
peak at ≈ 0.25 Å-1 (d = 25 Å) and its second order reflection at ≈ 0.5 Å-1. We apply the Scherrer
equation, ξlayer = 2π/Δq, to the first-order inter-layer peak to obtain an approximate lower limit of
the crystal size along the vector normal to the layers (ξlayer). The result is plotted as a function of
the long period in Figure 4.5 (blue squares). If the layers were in-plane, one would expect ξlayer to
increase as the long period increases, but instead ξlayer increases by less than 15% as dlong period
increases by a factor of 2. Further examination of the p21AA data reveals that for Tc = 23°C, the
smallest long period in Figure 4.5, ξlayer significantly exceeds the long period (125 Å > 87 Å). This
result is incommensurate with the in-plane orientation, because the thickness of the crystallite must
be smaller than the long period. (Note that the FWHM of the acid layer peak (~0.05 Å-1) is much
larger than the instrumental resolution (~0.01 Å-1) as determined by FWHM of the silver behenate
layer peaks.)
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Figure 4.5. Apparent crystal size (from the Scherrer equation) as a function of long period. Squares
are from the layer peak at ~ 0.25 Å-1 (p21AA, blue) and ~ 0.4 Å-1 (Nylon-12, red). Cyan hexagons
are from the [100]hex Bragg peak of p21AA at 1.47 Å-1. Lines are to highlight the much shallower
slope for ξlayer, p21AA.

Nylon-12 was selected as a comparison to p21AA. Nylon-12 crystallites contain layers of
amide groups that are close to being in the plane of the crystalline lamellae. 36-37 (Note that chain
tilt7 may cause these amide layers to be tilted by 30° from the crystallite plane.) X-ray scattering
of Nylon-12 was obtained after isothermal crystallization at four temperatures: 73°C, 130°C,
150°C, and 160°C. The Scherrer equation was applied to the inter-amide layer peak to determine
apparent crystal sizes, and the results are plotted in Figure 4.5 as red squares. Here, ξlayer increases
in proportion with the long period as expected for in-plane layers. This scaling of ξlayer with the
long period has been reported before in Nylon-6.38 In contrast with p21AA, ξlayer and the long
period in Nylons are both directly related to the crystallite thickness, and this is reflected in the
width of the inter-layer peak. It should also be noted that for Nylon-12, ξlayer is less than the long
period for all samples measured. The I vs. q plots for Nylon-12 are available in Figure C.3.
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Returning to p21AA, we now examine the [100]hex Bragg peak at 1.47 Å-1 corresponding
to the packing of alkyl segments.22 As clearly seen in Figure 4.4c, the width of this peak decreases
substantially with increasing Tc. To extract ξ100, the amorphous halo and [100]hex peak were fit with
Lorentzian functions, and ξ100 was obtained from the [100]hex peak width. Figure 4.5 shows that
ξ100 is proportional to the long period. This is consistent with the transverse acid layers shown in
Figure 4.1b, where the alkyl segments are lying in the plane of the crystalline lamellae. For
transverse acid layers (Figure 4.1b), the crystal size along the [100]hex vector (i.e., ξ100) would scale
with the long period, while the crystal size along the acid layer normal vector (ξlayer) would not,
and this is consistent with the experimental data from p21AA. Meanwhile, for in-plane layers
(Figure 4.1a) the opposite would be true, which is inconsistent with the p21AA data in Figure 4.5.
Modeling the Layer Peak. To evaluate the dependence of the inter-layer peak shape on
the crystal size more accurately than the Scherrer equation, we construct real-space 3D models of
crystallites with acid layers and calculate the X-ray scattering. First, we consider the in-plane acid
layers and vary the crystallite thickness. The results of these calculations are compared with the
p21AA experimental data for Tc = 23°C in Figure 4.6a. The results show that for in-plane acid
layers, a minimum of five layers, or crystallite thickness of 96 Å, is required to obtain the
experimental peak width. This crystallite thickness is incompatible with the measured long period,
87 Å. The real space model also assumes a perfectly uniform layer-layer distance and perfectly
planar layers. Disorder likely exists and would further broaden the experimental peak, so our
estimate of five layers is a lower limit of the crystallite thickness. Note that the shoulder at ~ 0.34
Å-1 in the experimental data of Figure 4.6 arises from acid-acid scattering in the amorphous
domains.39
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Figure 4.6. X-ray scattering calculated from real-space 3D models (lines) compared with
experimental data from p21AA crystallized at 23°C (black dots). In (a), the layers are in-plane (see
Figure 4.1a) and the number of layers n (crystallite thickness = n∗dlayer) is varied. In (b), the
crystallite thickness is held constant at 50 Å, and the angle θ between the layer normal and the
crystalline lamella normal is varied. In all cases, the lateral size of the crystalline lamella is 500 Å
x 500 Å and is a square shape. The calculated X-ray scattering profiles are convoluted with a
Lorentzian function that describes the instrumental resolution (FWHM = 0.01 Å-1).

From Figure 4.6a, it is clear that the in-plane acid layer orientation does not agree with the
experimental data. Therefore, other acid layer orientations must be considered. We adjust the
orientation of the acid layers in the real-space model while holding constant the overall crystallite
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size and shape, and calculate the resulting X-ray scattering profiles. A crystallite thickness of 50
Å was selected for these calculations, to compare with the sample crystallized at 23°C. The long
period from SAXS is 87 Å and various estimates of the percent crystallinity of p21AA have never
exceeded 50%,22-24, 29, 40 so 50 Å was selected as a conservative upper limit for the crystallite
thickness from the approximation Vcrystals/Vpolymer ≈ tcrystals/ dlong-period. Figure 4.6b shows the effect
of acid layer orientation, θ, on the calculated X-ray scattering profiles, compared with the
experimental data. Changing the orientation from in-plane (0°) to 45° has little effect on the peak
width; an angle of 60° between the acid layer normal and the lamellar crystallite normal is required
to reproduce the experimental peak width. The higher angles, 75° and 90°, are also in agreement
with experiment because effects not considered by the real-space model could broaden the
simulated peaks such that they would match experiment (e.g., defects or small lateral crystal sizes
less than 500 Å).
Layer Orientation from In Situ X-ray Scattering. To further probe the layer orientation,
X-ray scattering is performed in situ during uniaxial tensile deformation. To avoid major
morphological changes brought about by large deformations reported previously for p21AA,24 we
focus on the changes in the X-ray scattering before the mechanical yield point. Figure 4.7 reveals
the azimuthal anisotropy of the long period peak and the inter-layer peak by plotting the peak
intensity along the meridian and along the equator as a function of crosshead displacement. As
strain increases, the long period peak becomes more intense along the meridian (Figure 4.7b) as
the crystalline-amorphous lamellar stacks develop preferential orientation of their normal vectors
towards the meridian, similar to isotropic, melt-crystallized polyethylene under tensile
deformation.41 However, the inter-layer peak becomes more intense along the equator compared
with the meridian (Figure 4.7c), indicating that the acid layers are aligning with their normal
vectors preferentially towards the equator. Note that the sample is thinning during the test, causing
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the absolute peak intensity to decline in both directions. The difference in alignment direction of
these two features corroborates our analysis of the quiescent X-ray scattering, confirming that the
acid layers are transverse within the crystallites. We observe orientation like that shown in Figure
4.1b, where the crystallites are oriented with their normal vectors towards the meridian while the
acid layer normals are towards the equator.
After the yield point, the alignment of the inter-layer peak (q = 0.25 Å-1) switches from
being stronger at the equator to being stronger at the meridian,24 and the inter-crystallite peak (q =
0.05 Å-1) intensity decreases dramatically along both meridian and equator. This is caused by
fragmentation of the crystallites and will be discussed in a future publication.
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Figure 4.7. In situ uniaxial tensile deformation of isotropic, melt-crystallized p21AA at room
temperature. (a) Force vs. crosshead displacement during uniaxial tensile deformation. (b) From
in situ X-ray scattering, integrated intensity of the long period peak along the meridional and
equatorial directions as a function of displacement. (c) From in situ X-ray scattering, integrated
intensity of the layer peak at ~ 0.25 Å along the meridional and equatorial directions as a function
of displacement. Lines in (b) and (c) are drawn up to the yield point, and are to guide the eye.
Stress and strain are not reported due to ill-defined sample dimensions (a bowtie shape was used).
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4.4

Discussion
The results indicate that the acid layers in p21AA do not lie in or near the plane of the

crystallite, as do the amide layers of Nylon, but are instead transverse – closer to orthogonal to the
crystallite plane. This difference in orientation is a consequence of the chain conformations and
orientations within the crystallite. In the case of Nylon, the crystalline stems are extended through
the embedded amide layers within the crystallite.36-37 Hence, the crystallization motif is analogous
to polyethylene; the functional group layers are present along the extended stems. In p21AA, the
chains form tight folds at the position of each acid group to accommodate these larger pendant
groups and facilitate hydrogen bonding. Thus, each crystallite contains multiple layers of acid
groups and crystallites possess chain folds embedded in the crystallites. In contrast, polyethylene
and Nylon have the opportunity for chain folds at the crystallite surfaces.
Chain entry and exit points in the crystallite can provide some insight as to why transverse
layers form in p21AA. In most semicrystalline polymers, a single polymer chain contains portions
that are crystalline and portions that are amorphous. Hence, the chains should have natural entry
and exit points built in to the crystallite structure. In the case of in-plane acid layers (Figure 4.1a),
a polymer chain could only exit the crystallite when it resides in a layer adjacent to a crystallite
surface. Chains further inside the crystallite rely on defects to cross between layers to exit the
crystallite into the amorphous region. In contrast, in the case of transverse acid layers (Figure 4.1b),
the polymer chains with tight folds extend through the crystallite and naturally enter and exit at the
surfaces of the crystallite.
The areal density of acid groups at the crystal surface could also play a role in making the
transverse structure more favorable. With in-plane layers, the crystallite surface is densely covered
with acid groups (2.2 nm-2 according to our simulations).22 This polar surface next to amorphous
regions would have a high surface energy, because the amorphous regions have a much lower areal
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density of acid groups, approximately 0.5 nm-2. An entropic penalty would also be imposed on the
amorphous chains if the density of acid groups in the amorphous region is higher near the crystallite
surface. Meanwhile, with idealized transverse layers, the areal density of acid groups at the
crystallite surface is approximately 0.7 nm-2 – much closer to the amorphous areal acid density.
(The areal density of acid groups in the amorphous regions was approximated by counting the
number of exposed acid groups at each of the six sides of a fully amorphous simulation box with
periodic boundary conditions, and dividing by the surface area of the simulation box.) 22 Thus, the
crystal-amorphous interfacial free energy would be significantly lower for transverse layers than
in-plane layers.
The angle between the acid layer normal and the lamellar crystallite normal should be
compared with the molecular packing observed in our previous atomistic MD simulations. Those
simulations indicate that the angle between trans alkyl segments and the acid layer normal is 32°.
Thus, an angle of 58°–90° between the acid layer normal and the lamellar crystallite normal is
consistent with the trans alkyl segments lying in the plane of the crystallite. This is the same angular
range determined by our 3D X-ray scattering model in Figure 4.6b. However, we cannot rule out
a tilt of the trans alkyl segments relative to the plane of the crystallite – unlike the drawing in
Figure 4.1b, they could be tilted by up to approximately 30°.
In this work, we have assumed that the polymer crystallites are lamellar in shape as
informed by the optical microscopy. However, without direct observation we cannot rule out the
possibility that the crystallites could exhibit a more ribbon-like or rod-like prismatic shape, where
the long dimension is roughly normal to the acid layers. This type of structure would reflect a faster
growth rate along the direction normal to the acid layers. A faster growth rate in this direction
might not be unexpected, because the chain-fold surface at the crystal-amorphous interface has a
high concentration of acid groups and requires amorphous chains to hydrogen bond with it,
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templating the next crystalline layer. (FTIR results have shown that practically all acid groups are
hydrogen-bonded.23)
In the quest to design membranes with high ion conductivity, mechanical integrity, and
processability,42-43 these transverse acid layers may find important utility. Semicrystalline
polymers are traditionally considered unattractive for ion conducting applications because the
crystallites are thought to block or inhibit the transport of ions (with some exceptions44-45).
However, the transverse acid layers may provide ionic pathways through the crystallites, given an
appropriate choice of functional group. This strategy may ultimately yield membranes with high
processability and toughness, due to their semicrystallinity, as well as fast transport for ions,
protons, or small molecules.

4.5

Conclusion
An unusual multilayer chain folded structure was recently reported in semicrystalline

p21AA (a linear polyethylene with pendant carboxylic acid groups every 21st backbone carbon).22
Here, we perform detailed X-ray scattering analysis of bulk-crystallized p21AA to examine the
orientation of this chain folded structure within a crystallite. We find that the acid layers are
transverse relative to the crystallite plane – i.e., the angle between the acid layer plane and the
crystallite plane is at least 60°. This structure has not been reported before to our knowledge. T c
dependent X-ray scattering indicates a strong dependence of dlong period and ξ100 on Tc, but a weak
dependence of ξlayer on Tc. Real-space modeling of the crystallite structure indicates a minimum
angle between acid layer normal and crystallite plane normal of 60°. In situ X-ray scattering during
tensile deformation shows that before yield, the acid layer peak orients approximately
perpendicular to the inter-crystallite peak. These results all indicate transverse acid layers within
the crystallites. In membranes, these transverse layers could provide pathways for ion, proton, or
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small molecule transport through the crystallites given an appropriate choice of functional group,
allowing the attractive properties of semicrystalline polymers to be applied to such membranes.
This novel structure is the result of a polymer microstructure consisting of moderately sized
associating side groups evenly spaced along a crystallizable polymer. These design rules could be
broadly applied to produce a variety of materials with tunable properties.
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Chapter 5:

Strain Hardening and Morphological Evolution in Precise Polyethylenes via
In Situ X-ray Scattering During Tensile Deformation

Authors of this chapter are Edward B. Trigg, L. Robert Middleton, Lu Yan, and Karen I. Winey.

5.1

Introduction
The addition of side groups to semicrystalline polymers has a significant impact on

morphology, crystallinity, and mechanical properties. The commercially important polymers
Nucrel® (DuPont) and Escor® (Dow) are random copolymers of ethylene and methacrylic acid with
their compositions tuned to achieve targeted mechanical, adhesive, and optical properties. The
carboxylic acids hydrogen bond, acting as reversible crosslinks and improving mechanical
strength, and reducing the crystallinity of the polymer.
Sequence control in polymers can enable engineering of polymer conformations and
morphologies, thereby producing previously inaccessible properties.1 For example, a linear
polyethylene with hexyl side groups on every 21st carbon atom exhibits a highly uniform lamellar
thickness, which is controlled by the methylene length between hexyl groups. 2 Recently, it was
shown that a linear polyethylene containing precisely periodic pendant carboxylic acid groups on
every 21st carbon (Figure 1a) exhibits an unusual crystal motif wherein multiple layers of hairpinfolded chains exist within a single crystalline domain,3 similar to some grafted long-spaced
polyesters.4,5 This precise polymer also exhibits a different response to tensile deformation than
polyethylene containing randomly placed carboxylic acid groups at the same concentration. 6
Layers of hydrogen-bonded acid groups in the precise polymer orient with their normal vectors
parallel to the deformation and reinforce the material, causing increased strain hardening relative
to the random copolymer. This strain-hardening mechanism also occurs in similar polymers
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containing phosphonic acid and geminal carboxylic acid.7 The morphological evolutions in these
polymers were observed via in situ X-ray scattering.
Quantitative 2D fitting of fiber X-ray scattering patterns has become more feasible in
recent years due to improved computer power. In 2010, Burger et al. presented a thorough review
of quantitative modeling of fiber patterns.8 In most cases, a Bragg peak arising from a single
structural unit in the material can be modeled as having a Gaussian or Lorentzian shape in both the
radial and tangential directions. Imperfect orientation of an ensemble of such structural units in a
material leads to a peak shape that is between an arc and a spot.
At high strains, the precise acid-containing polyethylenes exhibit preferential alignment
of the chains along the tensile axis, as do most polymers under tensile deformation, and also
showed alignment of the acid layer normal vectors along tensile axis. This is readily seen from the
meridional orientation of the layer peaks and the equatorial orientation of the [100]hex peak, Figure
1b. Surprisingly, Buitrago et al. reported via ex situ X-ray scattering that two precise polyethylenes
containing imidazolium bromide side groups – one every 15th carbon (Figure 1c), and the other
every 21st carbon – oriented in the opposite manner.9 The chains oriented perpendicular to the
tensile axis, as did the layer normals, Figure 1d. Here, we investigate in detail the morphological
changes during tensile deformation of the precise polyethylene with carboxylic acid groups every
21st carbon (termed p21AA), and the precise polyethylene with imidazolium bromide groups every
15th carbon (termed p15ImBr). Two key differences in these materials are already apparent from
Figure 1: the opposing orientations of the layered structures in the two polymers, and the
significantly higher strain hardening in p21AA (Figure 1e). Using the mathematics presented by
Burger et al,8 we reveal morphological features by quantitatively fitting the in situ X-ray scattering
in 2D as a function of strain. This 2D fitting of in situ X-ray scattering has not been reported before
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for precise polyethylenes. The fitting results suggest the underlying causes of the differences in
morphology and mechanical behavior.

Figure 5.1. (a) Chemical structure of p21AA and (b) X-ray scattering of p21AA at high strain,
adopted from Middleton et al.6 (c) Chemical structure of p15ImBr and (d) X-ray scattering of
p15ImBr at high strain. Blue arrows indicate the tensile axis in (b) and (d). (e) Engineering stressstrain curves for p21AA6 and p15ImBr. p21AA exhibits significantly more strain hardening after
yield. Strain rate is 1.77 sec-1 at room temperature.
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5.2

Methods
In Situ X-ray scattering. Samples of p21AA and p15ImBr were hot pressed above Tm to

a thickness of ~ 400 μm, and were cut into dogbone shapes. In situ tensile testing was performed
at the Advanced Photon Source, part of Argonne National Laboratory, at beamline 5ID-D (DNDCAT). The tensile stage and X-ray source and detector setup were described previously.6,7 X-ray
scattering patterns had a collection time of 1 second and the time between collections was 6
seconds for p21AA and 3.5 seconds for p15ImBr. For p21AA, a single detector was used with a
sample-to-detector distance of 32.07 cm, while for p15ImBr, two detectors were used with sampleto-detector distances of 100 cm and 14 cm.
Fitting X-ray scattering of p21AA. During deformation, the layer peaks of p21AA had
a shape that was not an arc centered at the primary beam, nor was it a line. Therefore we fit this
peak using the equations provided by Burger et al.,8,10 namely,
𝜋/2

𝐽(𝑞, 𝜙) = ∫0

𝐼(𝑞, 𝜙 ′ )𝐹(𝜙, 𝜙 ′ ) sin 𝜙 ′ 𝑑𝜙′

where J is the scattering intensity at a point in reciprocal space defined by distance q from the
origin and angle 𝜙 from the fiber axis. 𝐼(𝑞, 𝜙 ′ ) is the scattering from a single scatterer at an angle
𝜙 ′ from the reciprocal lattice vector. 𝐹(𝜙, 𝜙 ′ ) is the integration kernel of the orientation
distribution function. To represent the perfectly oriented layer peak, we used Gaussian functions:
𝐼(𝑞, 𝜙 ′ ) = 𝐼0 exp {−

(𝑞3 −𝑞∗ )2
2𝑏3

2

(𝑞 )2

} exp {− 2𝑏12 2 }
12

where I0 is the intensity scaling factor, q12 = q sin(𝜙 ′ ), q3 = q cos(𝜙 ′ ), q* is the peak position, b3 is
the radial peak width, b12 is the tangential peak width. We used the analytical integration kernel
𝐹(𝜙, 𝜙 ′ ) corresponding to the Onsager orientation distribution.8,11
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The amorphous halo in p21AA was fit with a simple Lorentzian function with no angular
dependence. For the wide-angle Bragg peak corresponding to the hexagonal chain packing,
equation 1 was used, but the tangential width was approximated as a delta function (𝑏12 → ∞ in
equation 2) with no detriment to the fit quality. A constant background intensity was also added to
the fit.
Fitting X-ray scattering of p15ImBr. Unlike those of p21AA, the layer peaks of
p15ImBr did not have a noticeable tangential width, and the peak shape did not have a noticeable
angular dependence. Thus, the layer peaks of p15ImBr did not require fitting like p21AA. The
layer peak position and width were tracked as a function of strain by fitting 1D I vs. q plots
integrated over all angles with a simple Lorentzian function and a linear background. The layer
peak intensity distribution (Figure 6) was tracked at each scattering image by generating I vs. q
plots of 2° wedges, fitting a linear background, subtracting the background, and then integrating
the remaining intensity over a q range corresponding to the peak.
Fitting algorithm for p21AA first layer peak at different strains. For each scattering
pattern that was to be fit, the fitting parameters were adjusted by eye to obtain a reasonably close
fit. Then, the following algorithm was employed for at least 200 iterations. A fitting parameter was
chosen at random, and the sum of square differences (SSD) was calculated for the current value of
the parameter. The SSD was also calculated after increasing and decreasing the parameter by a
pre-defined step size, thus obtaining three SSDs corresponding to three parameter values. A
parabola was fit to the three points. If the curvature was positive, the parameter value was changed
to the minimum of the parabola, or three times the step size in the direction of the minimum,
whichever was smaller. If the curvature was negative, the parameter value was changed by the step
size in the direction of smaller SSD.
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To assess the repeatability of the fit, for each image, the following procedure was executed
five times. The parameter values from the fit above were changed by either +s, 0, or –s (with equal
probability), where s is a predefined step size. Then the fitting algorithm described above was
repeated for 200 iterations. The parameter values obtained from the original fit and the five
perturbed fits were averaged to obtain the values in Figure 6, and the error bars of Figure 6
represent two standard deviations (95% confidence) based on the distribution of values from the
six fits.
Williamson-Hall analysis of size and disorder. The size and disorder were determined
using the Williamson-Hall method, which for Gaussian peak shapes assumes
Δ𝑞𝑜𝑏𝑠 = Δ𝑞𝑖𝑛𝑠𝑡𝑟 + Δ𝑞𝑠𝑖𝑧𝑒 + 𝑞𝑛 Δ𝑞𝑑𝑖𝑠𝑜𝑟𝑑𝑒𝑟 ,
(3)
where Δ𝑞𝑜𝑏𝑠 is the observed peak width, Δ𝑞𝑖𝑛𝑠𝑡𝑟 is the peak width due to instrumental limitations,
2𝜋/Δ𝑞𝑠𝑖𝑧𝑒 is the crystal size, 𝑞𝑛 is the peak position, and Δ𝑞𝑑𝑖𝑠𝑜𝑟𝑑𝑒𝑟 is a measure of disorder or
heterogeneity in the structure. If the disorder is caused by heterogeneous strain, Δ𝑞𝑑𝑖𝑠𝑜𝑟𝑑𝑒𝑟 is an
estimate for the strain inhomogeneity. We estimated Δ𝑞𝑖𝑛𝑠𝑡𝑟 from the peak widths of silver
behenate, our calibration standard.

5.3

Results
Isotropic morphologies. The morphology of quiescent, bulk-crystallized p21AA has been

reported previously.3,6,9,12,13 In summary, p21AA is semicrystalline, with a hairpin chain folding
motif within the crystalline regions. The chains fold at the position of each acid group producing
alternating layers of carboxylic acids and crystalline alkyl segments. Three peaks with position
ratios 1:2:3 corresponding to these layers are visible in the isotropic X-ray scattering (Figure 2a).
These layered, ordered domains coexist with amorphous regions. The alkyl segments pack in a
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hexagonal fashion, and the {100}hex peak is labeled in Figure 2a. The isotropic X-ray scattering of
p15ImBr shares some similarities with p21AA (Figure 2b) – layers are present at a similar
periodicity to p21AA, and there is a single sharp Bragg reflection at ≈ 1.5 Å-1 corresponding to
packing of alkyl segments, most likely in a hexagonal array.

Figure 5.2. Isotropic (pre-deformation) X-ray scattering of (a) p21AA and (b) p15ImBr. Inset in
(b): the y-axis is rescaled to include the entire first layer peak, showing the high intensity of this
peak. This high intensity arises from the strong contrast between bromine and methylene, while
the unusual sharpness of the peak is correlated to the structure size and perfection, not the contrast.

First, we examine whether p15ImBr exhibits the hairpin chain conformation seen in
p21AA. The presence of layers could alternatively correspond to a nylon-type structure where the
chains are fully extended through the functional group layers within the crystalline regions.
However, a nylon-type structure seems unlikely given the very small width of the layer peak,
equivalent to the instrumental resolution, indicating a minimum crystal size along the layer normal,
ξlayer, of 1300 Å (using the Scherrer equation, 𝜉𝑙𝑎𝑦𝑒𝑟 ≥ 2𝜋/Δ𝑞𝑙𝑎𝑦𝑒𝑟 ). The layer periodicity provides
a clue as to the chain conformation: in p15ImBr, the periodicity is 26.5 Å, while the all-trans length
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of a monomeric unit is only ≈19 Å. If the structure is similar to p21AA, then the layer periodicity
would be approximately 85% of the monomeric all-trans length (minus the carbons in the hairpin
fold) plus twice the length of the pendant groups. See supporting information for details. This
calculation yields 26 Å, very close to the experimental value. It is logical that the bulky, charged
imidazolium groups would induce chain folding; they are too large to be incorporated into a
polyethylene-like crystal structure, and their charge would likely repel the hydrophobic alkyl
segments. Therefore, p15ImBr likely follows a similar set of chain conformations as p21AA within
its ordered domains, where the chains execute tight hairpin folds at the position of each functional
group. It should be noted that p21ImBr, which has the same functional group periodicity as p21AA,
behaves similarly to p15ImBr, but due to a lack of quality in situ data for p21ImBr, we present
p15ImBr instead.
A key difference in the pre-deformation morphologies of p21AA and p15ImBr is the
apparent crystal size. p21AA was previously shown to be semicrystalline, with a lamellar
crystallite thickness of ~50-100 Å.6,9,12,13 Meanwhile, for p15ImBr, there is no evidence of
semicrystallinity. There is no discernable peak at q < 0.2 Å-1, which would correspond to the
crystal-amorphous alternations, and the apparent crystal size along the layer normal is very large,
according to the Scherrer equation. It is therefore likely that p15ImBr is nearly fully crystalline, as
has been shown in similar hairpin-folding polymers (see Chapter 6 of this thesis and ref 4). Single
crystals of p21ImBr exhibited an unusually large thickness, ≈ 7000 Å.14 This is further evidence
for a very large crystal size (much larger than the chain size) in precise imidazolium bromide
polyethylenes.
Morphology at high strain. X-ray scattering was collected during tensile deformation to
observe the morphological evolution and strain hardening mechanism. In p21AA, the layer peaks
during deformation quickly become non-arc like, and instead were in between arcs (constant qmax
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over azimuthal angle) and flat lines. This indicates that both the radial and tangential components
of the peak shape from a single structural unit must be considered, along with the imperfect
orientation of structural units. To obtain useful information from these peculiarly shaped peaks at
a strain of 500%, we performed a full quantitative fit using the equations presented by Burger et
al,8 Figure 3. The intensity scale for the experiment and the fit in Figure 3a highlights the equatorial
peak and first layer peak, while that in Figure 3b highlights the higher order layer peaks.
The Bragg reflection at ≈1.5 Å-1 with preferential orientation towards the equator was fit
with a Gaussian function weighted by an Onsager distribution11 (the tangential component could
be ignored, i.e. represented by a delta function). Note that this high-q Bragg reflection had a
narrower head and longer tail than the Gaussian function that was used to fit it, but fitting attempts
with a Lorentzian or a pseudo-Voigt function resulted in poorer fits. Still, the 2D peak shape was
mostly captured by the fit (Figure 3a). This unusual peak shape may be related to an anisotropic
amorphous halo and a dispersity in crystal sizes along the [100]hex vector. The fit was not improved
by including a finite tangential peak width.
By modeling the meridional layer peaks of p21AA with 2D Gaussian functions smeared
over an Onsager orientation distribution, we obtain an excellent fit at a strain of 500% (Figure 3).
Fitting the meridional peaks yields a tangential peak width of ≈ 0.3 Å-1, indicating a small lateral
size of the layered structure of approximately 20 Å. Meanwhile, the radial peak width was an order
of magnitude smaller, indicating elongated, nanofibril-like layered structures, wherein the layer
normal is parallel to the long dimension of the structure. The equatorial orientation of the wideangle Bragg reflection indicates that the [100]hex vector is perpendicular to the layer normal.
However, the orientation of the equatorial peak is poorer than that of the meridional peaks, likely
indicating considerably more disorder in the registry of the chains than in the acid layers.
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Figure 5.3. Fraser-corrected15 2D X-ray scattering of p21AA at a strain of 5, with two different
intensity scales ((a) 0 to 1.7x104 and (b) 0 to 2.5x103 arbitrary units). q range is 0.15 to 1.9 Å-1.
Experimental data are shown in the first and third quadrants, and fits are shown in the second and
fourth quadrants. Cylindrical symmetry about the fiber axis (vertical axis) is assumed for the fits.
The white triangles in (b) indicate the positions of the layer peaks, of which seven harmonics are
visible.

The radial widths of the layer peaks extracted from the fits to p21AA at strain = 500% are
plotted in Figure 4a along with the layer peak widths of the isotropic sample. These radial widths
were analyzed according to the Williamson-Hall method (see methods section for details), which
decouples the peak broadening due to size from the broadening due to disorder and heterogeneity.
For isotropic p21AA, only two peak widths can be accurately measured, so fitting a line is suspect,
especially because the intensity of the second peak is quite low. However, at high strain, a line is
well fit to the data and the y-intercept is effectively zero, indicating a very large (at least
2𝜋/Δ𝑞𝑖𝑛𝑠𝑡𝑟 = 570 Å) correlation length normal to the layers. The equivalent heterogeneity in
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layer period to cause this degree of broadening would be 0.6%. The ordering or the size clearly
increases relative to the isotropic case. The opposite trend is observed for p15ImBr (Figure 4b),
wherein the layer peaks were fit with simple Lorentzian profiles. Before deformation, p15ImBr
exhibits exceptionally small radial layer peak width, essentially equivalent to the instrumental
resolution, indicating a structure size of at least 1300 Å along the layer normal and minimal
disorder. Upon deformation, the disorder increases by at least a factor of 3, but remains quite low
– assuming heterogeneity in the layer period is the cause of the disorder, the deviation in layer
period is calculated to be only 0.2%. This is 3 times lower than that of p21AA at high strain.

Figure 5.4. Layer peak radial width as a function of the peak harmonic for p21AA, in the isotropic
(pre-deformation) state and at a strain of 500%; and p15ImBr, in the isotropic state and at a strain
of 300%. The squares signify simultaneous data collection on a second detector with a different
instrumental resolution. According to the Williamson-Hall method, linear fits provide estimates of
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the structure size (y-intercept) and degree of disorder (slope), assuming disorder of the first kind.
The instrumental resolution has been subtracted.

Morphological evolution during deformation. To track the morphology during
deformation in p21AA, the first layer peak was fit at strains from 0 to 500%, and example fits at
four strains are presented in Figure 5. The fitting results are plotted in Figure 6. The overall trend
is a large initial change at yield (strain ~ 50%), followed by gradual or minimal changes after yield.
The layer period increases by about 1 Å, or 4%, upon yielding, and is essentially constant
thereafter. This rapid increase in layer period may be indicative of chain stretching via a reduction
of the number of gauche conformations, but cannot be due to stretching of all-trans chains. The
expected change in length of an all-trans polyethylene chain is only 0.005% at the stresses applied
here.16 The change in layer period could also be due to a more profound structural change. Indeed,
the structure size perpendicular to the layer normal, ξperp, undergoes a dramatic change upon yield,
decreasing from at least 70 Å to an estimate of 20 Å (Figure 6c). This indicates strain-induced
fragmentation of the crystallites into elongated, narrow fibrils. Based on the [100] hex d-spacing of
4.39 Å, these fibrils are only 4-5 chains wide. A cross-section of a cylindrical fibril therefore
contains approximately 15-20 stems. The radial width of the [100]hex peak after yield corroborates
this fibril size, indicating an apparent size of 24 Å. This is a significant structural change from the
isotropic, quiescent morphology.
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Figure 5.5. Fits of the first layer peak of p21AA at four strains: (a) 0%, (b) 41%, (c) 141%, (d)
506%.

In p21AA, the apparent structure size along the layer normal increases by a factor of 2
during deformation, Figure 6b. However, as seen in Figure 4a, a large component of the radial
peak width is caused by disorder, so this increase of apparent size during deformation may be
interpreted as increasing ordering. The Hermans orientation parameter17 (HOP) increases
significantly upon yield and then continues to increase steadily during the deformation, Figure 6d.
Thus, the deformation after yield is largely accomplished not by major changes to the structural
units, but by increasing orientation of those units as molecules are transported along the tensile
axis.
p15ImBr exhibits largely opposite trends to p21AA during deformation. As shown in
Figure 1d, the layers of p15ImBr orient with the layer normal towards the equator during
deformation, and this is reflected in the HOP approaching -0.5 in Figure 6g. The layer period in
p15ImBr decreases during deformation, in contrast with p21AA. This is likely the result of the
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perpendicular orientation; applying stress perpendicular to the layer normal would tend to elongate
the structure along the fiber axis and therefore compress the structure along the layer normal if
Poisson’s ratio is positive. The fact that d* continues to decrease after the yield point could be due
to increasing true stress as the sample thins, even though the engineering stress is constant (Figure
1e).

Figure 5.6. Results of 2D fitting of the first layer peak of p21AA and p15ImBr as a function of
engineering strain. (a) and (e) layer period, obtained from peak position; (b) and (f) apparent
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structure size along layer normal, obtained from the radial peak width; (c) structure size
perpendicular to layer normal, obtained from peak width in tangential direction; (d) and (g)
Hermans orientation parameter. The error bars for p21AA represent 95% confidence based on
repeatability of the 2D fit. The error bars for p15ImBr represent 95% confidence based on the
variation of the 1D fits at different azimuthal angles at a given strain. ξperp is not accessible for
p15ImBr because the peak shape follows a circular arc.

5.4

Discussion
The key structural difference between p21AA and p15ImBr during deformation is the

breaking up of crystallites in p21AA. This occurs almost immediately, as can be seen in Figure 6c
– the nanofibrillization occurs between 0 and 50% strain, after which the structure size
perpendicular to the layer normal is ≈ 25 Å in p21AA (Figure 6c). This lateral size is confirmed
by the [100]hex peak width. These nanofibrils are very elongated, having a length beyond detection
according to the Williamson-Hall analysis shown in Figure 4. Order along the layer normal is
improved after deformation, as seen by the reduced layer peak radial width. Deformation beyond
the yield point involves increasing the degree of orientation of the fibrils toward the tensile axis;
aside from this, the changes to the structural units are minimal after yield in p21AA. This suggests
that the deformation mechanism after yield involves the nanofibrils sliding past one another as
they orient, as has been proposed in polyethylene.18,19 However, polyethylene contains much larger
fibrils, on the order of 1 μm in diameter.20 The relative orientation of the acid layer peak and the
[100]hex equatorial peak at high deformation is also intriguing, because they are essentially
perpendicular (see Figure 3). According to our previous atomistic simulations in the absence of
strain,3 the layer normal cannot be coaxial with the chain in large crystals because of packing
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constraints. However, for narrow fibrils only 4-5 chains in diameter, this packing issue may not be
significant because the fibril can be wider where the acid layers are.
In p15ImBr, the crystals are largely intact (Figure 4 and Figure 6f), although their disorder
increases slightly with deformation. Why do these crystals remain intact while those in p21AA
fragment? There are likely many contributing factors. The pre-deformation quiescent morphology
may play a role. Before deformation, p15ImBr appears to be nearly fully crystalline; the layer peak
indicates a very large crystal size and there is no SAXS peak that would signify crystallineamorphous alternation. Without amorphous regions, nucleation of crystal fragmentation may be
much more unlikely. Another factor is the charged functional groups. The positive imidazolium
groups together with negative bromide ions within a layer likely provide greater cohesive stability
and resistance to fragmentation, compared with the hydrogen-bonding carboxylic acid groups,
whose interactions are shorter range. Along the same lines, imidazolium bromide may also exhibit
a stronger repulsion towards the hydrophobic alkyl segments, preventing the layers from breaking
apart. A related factor is the higher final melting point of p15ImBr (70°C)9 compared with p21AA
(46°C);6 in polyolefins, chains are known to be more mobile close to their melting point, 21 which
could facilitate fragmentation.
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Figure 5.7. Schematic of the morphologies of p21AA ((a) and (b)) and p15ImBr ((c) and (d))
before deformation and at high strain. In (a) and (c), the orientations of the drawn features are
isotropic thoughout the sample, while in (b) and (d), the orientations of the drawings represent
preferred orientation throughout the sample. In (a) and (b), the red circles represent carboxylic acid
groups, and in (c) and (d), the green ovals represent imidazolium side groups and the magenta dots
represent bromide ions.

The reason for the perpendicular orientation of the chains in p15ImBr (Figure 1d) appears
to be related to the preservation of the crystal structure. Given the hairpin chain folding motif
presumed to exist in p15ImBr,3 the net chain direction is actually orthogonal to the layer normal,
not parallel. Since covalent bonds are the least subject to breaking, it is logical that the net chain
direction (i.e., end-to-end vector) will orient along the tensile axis. In fact, this type of structural
orientation (layer normal vectors aligning perpendicular to the tensile axis) is seen in the very early
(pre-yield) stages of deformation in p21AA,13 before the breaking up of the crystallites.
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5.5

Conclusion
In situ X-ray scattering during tensile deformation of two precisely periodic functional

polyethylenes is reported, with quantitative 2D fitting of the X-ray scattering patterns. One
polyethylene contains pendant carboxylic acid groups every 21st carbon (p21AA), and one contains
pendant imidazolium bromide groups every 15th carbon (p15ImBr). We find strikingly different
behaviors of the two polymers during deformation. In p21AA, which begins as semicrystalline,
the crystallites fragment upon yielding and a nanofibrillar morphology ensues, with fibril diameter
~20 Å. The nanofibrils contain layers of acid groups and orient progressively towards the tensile
axis during post-yield deformation. In p15ImBr, which seems to begin as fully crystalline, the
crystal structure remains mostly intact, but becomes more disordered. The layers orient with their
normal vectors perpendicular to the tensile axis so that the net chain direction (end-to-end vector)
is oriented along the tensile axis. The result of these morphological differences is a pronounced
post-yield strain-hardening in p21AA, and much less strain hardening in p15ImBr. This suggests
that the fragmentation of the crystallites and fibrillization in p21AA plays an important role in the
strain-hardening mechanism. This study also highlights the powerful tunability of precise
polymers; changing the functional group from a hydrogen-bonding moiety to a charged moiety has
a dramatic impact on both structure and deformation behavior.
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Chapter 6:

Proton Transport through a Crystalline Polymer: Lamellar Water
Channels in Chain-Folded Precisely Sulfonated Polyethylene

Authors of this chapter are Edward B. Trigg, Taylor W. Gaines, Manuel Marechal, Demi E. Moed,
Patrice Rannou, Kenneth B. Wagener, Mark J. Stevens, and Karen I. Winey.

6.1

Introduction
Controlling molecular conformations to obtain desirable morphologies and properties is

of both fundamental and technological importance.1,2 Recent advances in polymer synthesis
allow unprecedented control over chain microstructure, including the ability to place functional
groups at precisely periodic intervals along a linear backbone.3–8 Some of these precise polymers
exhibit layered morphologies consisting of hairpin chain folds at the position of each functional
group.9–11 The degree of chemical and conformational control in these layered structures is a
significant achievement, but associated useful properties have not been demonstrated until now.
Proton exchange membrane fuel cells depend upon membranes such as Nafion® to
transport protons between electrodes while providing a mechanical and electronic barrier.
Nafion® has a complex multiscale phase-separated morphology with well-connected hydrophilic
domains in which sulfonate-lined water channels percolate through a hydrophobic,
semicrystalline polytetrafluoroethylene-like matrix.12,13 While the exact structure remains
controversial,14–18 the water channels are thought to be nominally cylindrical.19,20 For decades,
researchers have sought to develop new membranes with lower production cost, higher operating
temperature, lower operating humidity, and other desirable attributes, using percolating hydrated
domains as a design rule.21–27 Most of these new polymers have amorphous, poorly controlled
morphologies like Nafion,® and are typically not on par with Nafion’s® performance. In striking
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contrast, controlled hairpin polymer folding is a cutting-edge, versatile strategy featuring a highly
ordered morphology that holds promise for the development of new membranes to efficiently
transport protons, ions, and even small molecules.
There are a few examples of ion conductivity in polymers with crystal-like ordering. A
hydrated polymer brush with ammonium-terminated sidechains formed a layered structure with
periodicity of ~ 40 Å, with anionic (OH-) conductivity of ~ 0.05 S/cm, but the ordering was only
moderate and the water channel structure was not quantified.28 In membranes for batteries, it was
shown that lithium ions can be transported along helical crystalline poly(ethylene oxide) (PEO)
chains.29 Ions can also be transported along the surfaces of PEO crystallites.30
Our innovative approach controls polymer folding to achieve a desirable, well-ordered,
highly crystalline morphology with high proton conductivity. The success of this approach
provides striking new insight to the design of proton or other ion conducting synthetic
membranes. Control of chain folding and morphology is made possible by precise control of the
chain microstructure via ADMET synthesis.5,8,31–34 Our previous work showed that periodic
placement of pendant atactic carboxyl groups along linear polyethylene produces controlled
chain folding and layers of acid groups.35 Here, sulfonic acid groups,36 which are highly
hygroscopic moieties, replace carboxyl groups, producing hydrated layers with high proton
conductivity. Our simulations show that the ordered, layered structure enhances diffusion relative
to the tortuous water channels of an amorphous polymer. The layered polyethylene-based
structure is a new design paradigm for functional polymer membranes, opening doors to efficient
and selective transport of protons, ions, and small molecules upon appropriate chemistry
selection.
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Figure 6.1. (a) DC conductivity of p21SA and Nafion® 117 via electrochemical impedance
spectroscopy (EIS) as a function of relative humidity (RH) at 40°C. (b) Chemical structure and
schematic rendering of the secondary structure of hydrated p21SA, showing the crystalline
backbones and acid-lined water layers. (c) Water uptake, λ, of p21SA and Nafion® 11737,38 as a
function of RH at 40°C. λ is defined as the number of water molecules per sulfonic group and is
measured with a sorption balance. (d) EIS Nyquist and (e) Bode plots of the specific complex
impedance (Z) of p21SA at 30% and 70% RH. For low humidities, part or all of the semicircle
was evident in the EIS Nyquist plot, while at higher humidities, the proton conductivity time
scale was faster than the maximum frequency of our impedance spectrometer (1 MHz). At all
humidities, a minimum in -Im Z was evident in the Bode plot. The DC resistance was obtained
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from the value of Re Z at the frequency of minimum -Im Z. (f) Photo of p21SA sample
connected to stainless steel electrodes for EIS measurements. The electrodes were connected
laterally across the film, rather than in a sandwich-like manner, to maximally expose the sample
to the air for improved equilibration upon changing humidity.

6.2

Methods
Materials. The synthesis of the precisely sulfonated polyethylene (p21SA) was carried

out via acyclic diene metathesis (ADMET) polymerization, as reported previously. 536,51,52 This
linear, atactic polyethylene contains one sulfonic acid group pendant to precisely every 21st carbon
atom along the chain. Size exclusion chromatogray characterization of p21SA gives a numberaverage molecular weight (Mn) of 19.8 kg/mol, and a dispersity index (Dw = Mw/Mn) of 2.4. Note
that p21SA is readily soluble in DMSO.
Differential scanning calorimetry (DSC) with cooling and heating scans using a rate of
10°C/min indicates the melting temperature (Tm) of 65°C when dry, see Figure S6. Nafion® 117
was obtained from Sigma-Aldrich (ref 274674).
X-ray Scattering. X-ray scattering data were collected using the Multi-Angle X-ray
Scattering (MAXS) Facility at the University of Pennsylvania. The X-ray wavelength was 1.542
Å and a variety of sample-detector distances were used (54, 11, and 7 cm). For X-ray scattering
with controlled humidity an environmental chamber was used, which controls the ratio of dry and
humid air flowing into the chamber, as well as the temperature of the incoming air and of the
chamber itself.553 The chamber is equipped with a temperature and humidity sensor located
approximately 2 cm from the sample. Primary analysis of X-ray data was performed using the
Datasqueeze software (version 3.0.7).554
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p21SA samples were prepared for X-ray scattering by hot pressing at 80°C for 10 minutes
(thickness of c.a. 50 μm), then performing the following thermal treatment: the sample was melted
in a humidity-controlled chamber at 90°C and 50% relative humidity (RH) for at least two hours,
followed by cooling at 1°C/min to 25°C with RH maintained at 50%. All humidity-controlled
X-ray scattering experiments were performed at 40°C. Stabilization of the X-ray scattering at a
given condition was confirmed by the following method: the X-ray scattering pattern was
monitored by performing five-minute scans continuously until the pattern stabilized (1-3 hours).
EIS. Samples were prepared for Electrochemical Impedance Spectroscopy (EIS) using the
same thermal treatment as for X-ray scattering. EIS was performed using a Solartron ModuLab
XM MTS with the femto-ammeter accessory. The controlled sample environment was provided
by a Thermotron environmental chamber (SM-1.0-3200). Terminals from the ModuLab instrument
were fed through the chamber wall to access the sample. p21SA was hot-pressed to a thickness of
200 μm and cut into a rectangular strip. This strip was placed on a glass slide, and ribbons of
stainless steel foil (thickness of 130 μm) were secured to both sides of the sample using binder
clips, and were connected to the EIS as electrodes. For additional details, see Figure 1f. The cell
constant was measured by (i) measuring the thickness of the sample prior to application of the
stainless steel electrodes, and (ii) taking a photo of the sample with the electrodes attached and
measuring the length and width using the ImageJ software.555 Sample dimensions were a length of
8 mm, a width of 3 mm, and a thickness of 200 μm. The sample was held at desired RH and EIS
was measured repeatedly until stable (several hours). DC proton conductivity was obtained from
the value of Re(Z) at the minimum of Im(Z) on a Bode plot.
Atomistic MD Simulations. Fully atomistic molecular dynamics (MD) simulations were
carried out using the LAMMPS software package.556 Alkyl segments were modeled using the
L-OPLS force field557 as in our previous work,535,58 sulfonate groups used the parameters developed
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by Canangia Lopes et al.,59 water molecules used the TIP3P parameters,60 and hydronium
molecules used parameters developed by Baaden et al.61 Periodic boundary conditions were used
in all simulations. The real-space nonbonded cutoff was 13 Å and a particle-particle particle-mesh
solver was used for long-range electrostatics.62 A Nosé-Hoover thermostat was used with a
temperature damping parameter of 102 fs and a pressure damping parameter of 105 fs. The
integration time step was 1 fs.
Crystalline p21SA initial structures were constructed identically to our previous
publication on precise carboxylic acid polyethylene (p21AA),535 except we replaced the carboxylic
acid with sulfonate, and water and hydronium molecules were placed between the layers of
sulfonate groups. Each p21SA molecule was made atactic using a random number generator and
consisted of four monomeric units (84 carbon atoms). The sulfonic groups were assumed to be
100% ionized, so [H3O+] = [SO3-] and [SO3H] = 0; see Figure S4 for FTIR evidence of this. Water
molecules were initially placed between the layers of p21SA molecules, including the correct
number of H3O+ molecules to balance the charge of the SO3- groups in each layer. Each layer
contained the same number of water and hydronium molecules, where this number corresponded
to the hydration number λ of the simulation. λ is the number of water molecules (including
hydronium) per sulfonic acid group.
All crystalline p21SA simulations used the following procedure for MD. First a local
energy minimization was carried out with stopping tolerance of 10-4 (ratio) for energy and 10-4
kcal/mol-Å for force. Then the Nosé-Hoover thermostat was turned on and run at 273 K for 1 ns
with the NPT ensemble and the triclinic option, for initial low-temperature relaxation. Then the
system was heated to 348 K at a rate of 10 K/ns, and structural relaxation proceeded at 348 K for
at least 65 ns or until the H2O molecules reached the diffusive regime.
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For the amorphous p21SA simulations, initial structures contained all-trans p21SA
molecules, H2O molecules, and H3O+ molecules at a density of ca. 0.004 g/cm3 with large spacing
between each molecule, similar to previous studies.63–65 The system was isotropically compressed
to a density of ≈ 0.06 g/cm3 at 423K using a Langevan thermostat. Then the Nosé-Hoover
thermostat was used to equilibrate the system in the NPT ensemble at 423K for at least 70 ns,
followed by cooling to 348K at 10K/min. Then the system was run at 348K for at least 100 ns in
the NPT ensemble.
For the aqueous MeSO3H simulations and pure H2O simulations, initial structures had
densities less than 0.01 g/cm3. The systems were isotropically compressed to moderate density at
348K using a Langevan thermostat, then were equilibrated at 348K for at least 2 ns using the NoséHoover thermostat with NPT ensemble before commencing dynamics measurements.
Coordination states of hydronium molecules (Figure 3f) were obtained in the following
manner. For each hydronium, all water molecules at a distance falling within the first peak of a
g(r)H3O-H2O plot were counted. Similarly, all sulfonic group at a distance corresponding to the first
peak of a g(r)H3O-SO3 plot were counted. This was done for all hydronium molecules in the system
and averaged over 25 frames (12.5 ns).
Rotation times of H2O were obtained from simulations by fitting the molecular dipole
autocorrelation function with a stretched exponential function. The fit was limited to t > 30 fs to
avoid librational motions. See Figure S8 for details. Diffusion coefficients of H2O and H3O+ were
obtained by plotting the derivative of the mean square displacement (MSD) with respect to time
and extracting the value of the derivative after it became time-independent at long times. MSD
plots of water molecules in the crystalline simulations are available in Figure S9.
Water Sorption. For the gravimetric water sorption experiments we use a SGA-100
Symmetrical Gravimetric Analyzer from VTI Corporation with a Dew point monitor
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(Edgetech - Dew Prime I) and a Cahn D-200 digital recording balance. The sample (thickness of
150 μm) was loaded into the balance and dried at 60°C under dry air for 10 hours. Then, the
chamber was set to 0% humidity and 40°C and the sample was equilibrated for 3 hours. The
humidity was stepped up to each measured value and the equilibration time was 3 hours for each
step. Then the humidity was stepped down similarly, and we used an average of the masses
measured upon increasing and decreasing humidity. Because 60°C is not sufficient to completely
dry the sample, we supplemented these experiments with TGA. The sample was equilibrated to
room conditions (22°C and 56% RH), the mass was measured, and then it was placed in the TGA
and heated to 110°C for 10 hours. The mass change was assumed to be the total water content of
the sample at the room conditions. The data from the sorption balance were then modified
accordingly.
Synchrotron-Source Infrared Absorbance. Measurements were performed at the
AILES beamline66 at SOLEIL facility67 with a Bruker IFS125 FT-IR spectrometer using
synchrotron mid-infrared radiation. Spectra were obtained by averaging 200 scans. Spectra were
recorded using a KBr beam splitter and a MCT detector with a resolution of 4 cm–1 at 2 cm/s mirror
speed. All measurements were mainly done at 25°C (MIR). A specific homemade cell68 was used
to measure hydration/dehydration in situ processes. The membrane (6 mm by 6 mm by 150 μm)
was placed inside the cell, perpendicularly to the incident beam exposed to the humidified
air/pumping allowing the hydration/dehydration processes. As described elsewhere, 71 sample
temperature is controlled by a cryostat (precision 0.05 K), while sample hydration is monitored by
a thermostated gauge (0–100 mbar with a precision of 0.02 mbar). The gauge provides control of
the water vapor pressure (p) in the cell. The RH to which the membrane is exposed can be precisely
set to the value (p/p0) × 100, p0 being the water vapor pressure equal to 28 mbar at 23 °C.
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The p21SA membrane was first dried in situ and the water vapor pressure was set to ca.
2x10-5 mbar. For hydration, increasing vapor pressures were successively applied until the final
hydration at 92% vapor pressure. All spectra are displayed in absorbance units as −log(I/I0), where
I and Io are the sample and empty cell transmissions, respectively.

6.3

Results and Discussion
Proton conductivity. The proton conductivity of p21SA, as well as Nafion® 117 for

comparison, is plotted in Figure 1a versus relative humidity (RH). The conductivities are very
similar for 60% RH or greater –within a factor of 1.25. Such proton conductivity within a
polyethylene-based crystalline structure is new. At low RH, the conductivity of p21SA is
appreciably lower than Nafion® 117, due to the lower acidity of the alkyl sulfonic acid in p21SA
compared with the fluoroalkyl sulfonic acid in Nafion®.
The hydration number, λ, defined as the number of water molecules (including
hydronium) per sulfonic group, is comparable in p21SA and Nafion® 117 at low humidities,
while Nafion® has higher λ at high humidities (Figure 1c). By volume, the water uptake is quite
similar in p21SA and Nafion® at high humidites (see Figure S1 for details).
The high conductivity of Nafion® is attributed in part to the well-connected (percolated)
hydrophilic domains achieved upon hydration and the favorable nanoscale morphology with
strong microphase separation.12,39 Since percolation of conductive domains is generally thought
to be required for high conductivity, this suggests that the water/sulfonic acid domains are also
percolated in p21SA. To assess the nature of the water domains in p21SA, X-ray scattering was
performed as a function of RH.
Structural characterization. Recently, we elucidated the semicrystalline structure of a
related polyethylene, with carboxyl groups pendant to every 21st carbon atom (p21AA). We
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found that, within the crystalline domains, the backbones execute hairpin folds near the position
of each acid group.10,35 X-ray scattering of p21SA under vacuum is similar to p21AA, showing a
layered structure with q = 0.22 Å-1 (period = 28 Å) and a Bragg reflection at q = 1.5 Å-1 (d = 4.2
Å) (Figure 2a). (Figure S3 contains additional X-ray scattering results.) This suggests that p21SA
also exhibits the chain-folded structure, as depicted in Figure 1b. The sulfonic acid groups form
layers, with the crystalline alkyl segments between each layer. The 2D X-ray scattering pattern
(not shown here) is isotropic, indicating random orientation of crystalline domains. Alignment of
the layers should further improve conductivity.
The X-ray scattering peak at 0.22 Å-1 shifts to progressively lower q values as the RH is
increased, corresponding to an increase in the layer period from 28 Å (1% RH) to 33 Å (65%
RH). This indicates an expansion of the layered structure, depicted in Figures 2c and 2d. When
the water activity is increased, water enters the layers because of the hygroscopic sulfonic groups
and the hydrophobic nature of the methylene groups. This expansion further supports our chainfolded model; if the chains were extended, the periodicity could not increase beyond the all-trans
length of the repeating unit, 26.7 Å. Importantly, this swelling is reversible; the layer period
decreases when the humidity is subsequently reduced.
The uniformity of these layers is remarkably high. The primary layer peak has a full
width at half maximum of ≈ 0.01 Å-1, equivalent to our instrumental resolution. Using the
equation Δ𝑞 ≈ 4𝜀𝑞, we obtain an upper limit to the dispersity, 𝜀, of the layer period in the
material, which is 0.4 Å or 1.2%. This small dispersity implies that virtually all sulfonic layers
are accessible to surrounding water; there are essentially no sulfonic layers that are isolated from
diffusing water. At 50% RH, there is no residual scattering intensity at the peak position of 1%
humidity (see Figure 2b), showing that essentially all layers have taken up water and expanded.
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The crystal size and degree of crystallinity are key parameters in this system. While
charge carrier mobility may be fast within the layers, grain boundaries may serve as impediments
to mobility. In typical semicrystalline polymers (including polyethylene), small-angle X-ray
scattering (SAXS) exhibits a long-period peak corresponding to inter-crystallite distances;
however, no such peak is present for p21SA within our instrumental range of q > 0.008 Å-1 (d <
800 Å) (see Figure S5). Contrastingly, the analogous carboxyl-containing polyethylene (p21AA)
does exhibit a long period peak.8,35 Applying the Scherrer equation to the primary sulfonic layer
peak yields a minimum crystal size of ≈ 700 Å along the vector normal to the layers. The peak
breadth is equivalent to our instrumental resolution, so the size could be much larger. These two
facts suggest an unusually large crystal size for p21SA. In fact, the morphology could resemble
that of a long-spaced aliphatic polyester periodically grafted with PTFE side chains.11 For this
folded polyester, TEM revealed a layered morphology (period ≈ 50 Å) persisting for hundreds of
nanometers without noticeable amorphous regions. The supporting information contains a
detailed discussion of the crystallinity of p21SA. Future work will investigate grain size via TEM
and the effect of grain size on conductivity.
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Figure 6.2. X-ray scattering characterization of p21SA. (a) Intermediate- and wide-angle X-ray
scattering of p21SA at 20% RH at room temperature (21°C). Intermediate-angle X-ray scattering
of Nafion® 117 is shown for comparison. (b) Primary layer peak of p21SA as a function of
relative humidity at 40°C, and immersed in water (100%). Each vertical strip is an I vs. q curve.
(c) and (d) Schematic representation of the layered structure and the expansion of the layers upon
increasing environmental humidity. The structure contains many layers – at least 20, based on the
Scherrer equation. The 100hex peak in (a), corresponding to alkyl segment packing, remains at
constant position upon changing λ (see Table S1).
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Structure from simulations. Fully atomistic MD simulations were carried out to further
investigate the layered structure of p21SA. The starting structures of the simulations contained
chain-folded molecules of atactic p21SA arranged in layers, similar to our previous work on
p21AA.35 A 2D slice of the relaxed structure is shown in Figure 3a.
The inter-layer distance obtained from simulations is compared with experiments as a
function of hydration number λ in Figure 3b. We find good agreement between simulations and
experiments, to within 1 Å (3%). This suggests that our simulated structures are close to
experiments and verifies the chain-folded model proposed in Figure 1b. For 3 ≤ λ ≤ 5.5, the slope
is approximately 0.8 Å per unit λ, agreeing well with experiment. The chain-folded structure is
consistent with the reversibility of the swelling. We only simulate systems with λ ≥ 3, where the
sulfonic acid groups are fully ionized.
In Figure 3c, atoms from the λ = 5 simulation are projected onto the vector normal to the
layer plane to display the average composition of the layer. Aside from carbon, the sulfur is
farthest from the layer center, followed by sulfonate oxygen, showing that the sulfonate groups
tend to be oriented with their dipoles towards the layer center. Most of the water molecules are
near the layer center, along with some penetration near the layer walls. In contrast, the H3O+ are
distributed quite evenly at λ=5 between the layer center and the average sulfur position towards
the sides of the layer.
Intriguing advantages of this unusual hairpin structure include (i) highly percolating
water domains that reduce barriers to water and charge carrier mobility, (ii) well-controlled,
tunable water environments, allowing detailed study and optimization of environments that
produce high charge carrier mobility, (iii) well-defined, tunable melting point, which is defined
by the alkyl spacer length, (iv) mechanical integrity provided by crystalline alkyl segments, and
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(v) strong phase separation of water from the alkyl phase due to crystalline packing of alkyl
segments.

Figure 6.3. Simulation results for the p21SA hydrated layered structure. (a) 2D slice of a
simulation snapshot showing the chain folding and hydrated acid layers. All atoms are shown in
the CPK representation. (b) Inter-layer distance as a function of hydration number for
experiments and simulations. The experimental layer spacing values are obtained from X-ray
scattering. (c) Projection of atomic positions onto the vector normal to the acid layers, averaged
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over 10 ns (200 frames). The carbon population has a slight maximum approximately 6 Å from
the layer center due to the chain folds. (d) From simulations, water layer thickness as a function
of hydration number, obtained from the full width at half maximum of the sum of the OH2O and
OH3O+ profiles in (c) (squares). The nonlinearity at low λ is due to sulfonate groups occupying
some of the water layer volume. Also in (d), the areal density of water molecules (H2O and
H3O+) within each acid layer (triangles). (e) Position of hydronium and sulfur as in (c), for seven
hydration levels. (f) Probability heat map of the coordination number of hydronium oxygens
coordinated sulfur (y axis) and of the same hydronium oxygen coordinated to water oxygen.40
With increasing λ, this shows the transition from hydroniums being primarily bound to sulfonate
groups to being primarily bound to water.

The position distributions of the hydroniums are shown as a function of λ in Figure 3e.
The small peaks near the sulfonate groups indicate a slight preference for the layer walls due to
electrostatic interactions, but many hydroniums are also near the channel center, solvated by
water. This suggests heterogeneous hydronium dynamics – those close to sulfonic groups
experience reduced mobility due to electrostatics, while those towards the center of the layer are
solvated by the water and thus more mobile. As λ increases, the distribution broadens, and
hydronium is increasingly likely to be solvated by water. This is also apparent in Figure 3f,
where for λ = 3, a hydronium is likely to be coordinated to zero or one water molecule, while
when λ = 5.5, the most likely hydronium coordination states are (i) two sulfonates and two
waters, or (ii) one sulfonate and three waters.
Water dynamics from simulations. Using simulations, we examine the dynamics
within the hydrated layers in p21SA by quantifying the dynamics of water molecules. Although
our hydronium approximation does not treat (directly) proton quantum dynamics e.g. Grotthuss
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diffusion,41–43 we obtain insights into the dynamics with this approach. In proton exchange
membranes, the proton conductivity is generally related to the local viscosity and the tortuosity
of the conductive domains,42 and the water diffusion coefficient, DH2O, captures these parameters.
The primary simulations treat the water dynamics in a crystalline structure (i.e. single grain).
These dynamics do not depend crucially on quantum transport and thus the simulation data
should correspond well to that in the measurements.44 We also quantify the water dipole rotation
rate, τ-1H2O, via the orientation autocorrelation; τ-1H2O can be considered a measure of the local
viscosity within the hydrated domains.
DH2O and τ-1H2O in crystalline p21SA are plotted in Figures 4d and 4e, respectively. Both
quantities exhibit an exponential decay versus λ-1. In aqueous acid solutions, a similar
exponential decay of water dynamics is experimentally observed as a function of acid
concentration. Meanwhile, simulations of water confined in one dimension (i.e. thin layer) with
neutral pH and hydrophobic surfaces showed a roughly linear dependence of water diffusion on
degree of confinement.45,46 In p21SA, the water dynamics are inhibited by both the high ion
concentration and the high degree of confinement. For our most confined simulation, where λ = 3
(in Figure 3d, areal water density of 12 nm-2), DH2O is reduced by a factor of ≈ 60, while DH2O
under non-ionic confinement at the same areal density was reduced by a factor of ≈ 10.45
To further characterize the water dynamics in the crystalline (layered) p21SA structure,
comparisons are made with several other systems: bulk water, aqueous methanesulfonic acid
(MeSO3H) solutions (0.2 – 14 M concentrations) (Figure 4a), and amorphous p21SA (Figure 4c).
Bulk water should provide the low- λ-1 limit, and both DH2O and τ-1H2O for crystalline p21SA
extrapolate nearly perfectly to bulk water values. The MeSO3H data reveals the effect of the
acidic interactions in bulk. For MeSO3H, at very low λ-1, DH2O and τ-1H2O decreases from bulk
water with similar exponential dependence to crystalline p21SA, while at higher λ-1 the dynamics
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plateau to values related to the viscosity of neat MeSO3H. The impact of the layered geometry is
demonstrated by comparing results from simulations based on the experimentally-observed
crystal structure with those of an amorphous structure with disordered water channels. While
τ-1H2O in the amorphous p21SA simulations is similar to that of the crystalline simulation, even
exceeding it by a factor of 1.2, DH2O is substantially lower in the amorphous simulation, by a
factor of 2 to 3.
The water rotational dynamics appears to be the controlling factor for diffusion in
crystalline p21SA, as evidenced by plotting DH2O versus τ-1H2O, Figure 4f. As expected, in the
MeSO3H solutions diffusion is directly controlled by the water rotation rate, clearly extrapolating
to bulk water. For crystalline p21SA, water diffusion falls on the same line as MeSO3H and bulk
water when the 2D diffusion coefficient (D = MSD/4t) is considered (stars). Thus, the water
diffusion in crystalline p21SA is controlled by water rotation rate to the same extent as the
MeSO3H, after the dimensionality of diffusion is accounted for.
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Figure 6.4. Water dynamics from simulations of bulk water, aqueous methanesulfonic acid
(MeSO3H) solution, crystalline p21SA, and amorphous p21SA. Schematics of (a)
methanesulfonic acid solution, (b) crystalline p21SA, and (c) amorphous p21SA. (d) Water
molecular dipole rotation rate as a function of inverse hydration number, λ-1. (e) Diffusion
coefficient of water as a function of inverse hydration number. (f) Diffusion coefficient of water
as a function of dipole rotation rate. For (g) MeSO3H, (h) crystalline p21SA, and (i) amorphous
p21SA simulations, distribution of squared displacements of water molecules versus time-delta.
The lines have slopes of 1 on this log-log plot, and all have the same y-intercept. The crystalline
p21SA and aqueous MeSO3H simulations are uniformly diffusive for time > 0.1 ns, while the
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amorphous simulation is not diffusive even when the water has moved close to the simulation
box size (58 Å or 3400 Å2). All plotted diffusion coefficients are 3D except stars in (f), which are
2D. In (g), the simulation of aqueous MeSO3H was only carried out to 40 ns.

In contrast, the 3D water diffusion coefficient in amorphous p21SA falls significantly
below the line in Figure 4f, by a factor of 4 to 5. While the dimensionality of the amorphous
system is difficult to determine, even the 1D diffusion coefficient (D = MSD/2t) would be below
the line. We attribute this to the nonuniformity of the water domains in amorphous p21SA. As
depicted in Figure 4c, amorphous p21SA contains large water domains connected by narrow
water channels. Thus, the average rotation rate is likely dominated by the water in the large
domains, while the diffusion is limited by the transport of water through the narrow channels.
This amorphous morphology therefore hinders water diffusion, while the crystalline structure
does not. This is also seen in Figure 4i: water in the amorphous simulations remains subdiffusive47 until it travels the length of the simulation box (58 Å), compared with Figure 4g-h,
where the water is diffusive at t < 1 ns. A larger simulation box may result in even more reduced
DH2O in amorphous p21SA. Therefore, ordered water layers are desirable in fuel cell membranes
relative to disordered water channels; according to our simulations, they lead to more efficient
water diffusion (and therefore proton conductivity) given the same chemistry and hydration
level.

6.3

Conclusion
We have demonstrated that high proton conductivity can be achieved within a crystalline

functionalized polyethylene. Simply by placing sulfonic acid groups on precisely every 21st
carbon, linear polyethylene executes hairpin chain folds at the position of each sulfonic acid
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group, triggering a directed self-assembly into a crystalline structure containing water layers of
sub-nanometer thickness. The resulting structure has proton conductivity on par with Nafion®
117, despite the lower acidity of alkylsulfonic acid functional moieties in p21SA. This is the first
demonstration of using controlled polyethylene folding to produce desired transport properties,
as well as the first example of a crystalline structure promoting proton transport in a polymer.
The conductivity could be further improved by aligning the layers (e.g. by mechanical shearing,
AC/DC electric or magnetic field, directional epitaxial solidification or directed self-assembly
techniques) such that the layer normal is orthogonal to the desired transport direction. This
alignment would also provide anisotropic conductivity. Furthermore, our simulations suggest
that the high degree of ordering of the water domains in p21SA improves proton conductivity
relative to random, tortuous water channels. The effect of ordered layers, as well as the role of
grain boundaries, on water diffusion will be further investigated via NMR relaxometry in
comparison with Nafion and other sulfonic acid-based proton conducting polymers.48 Our
strategy of using polyethylene crystallization to achieve high proton conductivity is a cuttingedge alternative paradigm with respect to other strategies in the literature, most of which use
polymers containing sulfonated aromatic rings that have highly disordered to poorly ordered
morphologies.
This work has broad implications beyond hydrated fuel cell membranes, as various
functional groups could be incorporated without disrupting the highly advantageous layers. This
robust and versatile layered structure could be engineered and modified for applications in
anhydrous fuel cell membranes, cation or anion conductive membranes for batteries, and water
purification membranes. It remains to be explored whether a small molecule (in this work, water)
is required for efficient transport. Perhaps replacing the sulfonic acid group with an ionic liquid
functionality – protic, such as imidazole,49 or aprotic – could allow anhydrous proton transport or
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cation/anion transport, respectively, through the layers, leading to next-generation
electrochemical energy storage solutions. Similarly, the concentrated acid groups within the
layers may provide high cation (e.g., Li+, Na+, K+) conductivity even in the absence of water,
because the proximity of the acid groups could allow efficient ion transport. Future work should
examine the mechanical properties of these precisely sulfonated polyethylene films, as
mechanical performance is critical for use in fuel cells and other applications. Routes to
improving the mechanical properties could be (a) improve the crystal integrity by increasing the
alkyl length between sulfonic groups and/or incorporating H-bonding groups (e.g., amides) into
the backbone, and (b) inducing the formation of amorphous domains to increase elasticity, for
example by terminating chains with non-crystallizable groups. Future work will also examine
whether this structure and corresponding conductivity is present in nearly precise polymers,
wherein the functional group placement is variable by one carbon.50
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Chapter 7:

High Morphological Order in a Nearly Precise Acid-Containing Polymer
and Ionomer

Content in this chapter was published in 2017 in ACS Macro Letters, volume 6, issue 9, pages 947951, with authors Edward B. Trigg, Brandon J. Tiegs, Geoffrey W. Coates, and Karen I. Winey.

7.1

Introduction
Precise functionalized polyethylenes are linear polyethylenes with functional groups

located at precise intervals, and have been shown to possess interesting and attractive properties
not found in random ethylene copolymers. Depending on the functional group chemistry and
frequency, these properties include strain hardening caused by hydrogen bonding between layers
of aligned functional groups;1-2 increased melting temperature relative to pure polyethylene;3
percolated ionic aggregates in precise ionomers,4-7 which could lead to improved ion conduction8
and mechanical properties; and exceptionally narrow crystalline lamellae thickness distributions,910

which have been shown to increase tensile impact strength.11
These precise polyethylenes are synthesized via acyclic diene metathesis (ADMET)

polymerization,12-16 a technique that provides remarkable control over polymer microstructure but
remains challenging to scale up to industrially relevant levels of production. To capitalize on the
attractive properties discovered in ADMET polymers, more scalable synthetic routes are desired.
When evaluating alternative synthetic routes, it is critical to know whether true precision in the
polymer microstructure is required, or whether similar properties would be found in nearly precise
polyethylenes – and how close to true precision the microstructure needs to be. This work is a first
step towards answering this question. We present morphological characterization of a nearly
precise polymer, containing carboxylic acid or sodium carboxylate groups and ester groups located
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at nearly precise intervals along an alkyl backbone. This polymer, termed 11/12SAnh (Figure 7.1),
is synthesized via a recently reported simple one-pot method: autocatalytic solvent-free selfpolymerization of succinic anhydride-alcohol monomers.17 Here, the amorphous morphology of
11/12SAnh is directly compared with amorphous ADMET polymers and ionomers, as well as a
pseudorandom copolymer, via X-ray scattering. We show that the morphological uniformity of the
nearly precise polymer is essentially indistinguishable from the precise polymers, and highly
distinct from the pseudorandom copolymer.

7.2

Results and Discussion
The syntheses of all polymers were reported previously.17-18 The 9 and 15 in p9AA and

p15AA refer to the precise number of backbone carbon atoms in each repeating unit. In
11/12SAnh, the repeating unit can contain either 11 or 12 backbone carbon atoms. In r15AA, the
overall chemical composition is identical to p15AA but the microstructure is pseudorandom. All
chemical structures are shown in Figure 7.1. All polymers were partially neutralized with sodium
by addition of a sodium salt. For the sodium ionomers, the percentage of acid groups neutralized
with sodium (determined by elemental analysis) is included in the naming scheme. Details can be
found in the supporting information.
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Figure 7.1: Chemical structures of polymers studied. In 11/12SAnh, each repeating unit has two
very similar possible structures, making it a nearly precise polymer. The synthesis of r15AA,
p9AA, and p15AA were reported previously.18

To confirm the neutralization process, FTIR spectroscopy was performed on 11/12SAnh
before and after neutralization with sodium (Figure 7.2). In the protonated (unneutralized) sample,
two absorption bands are easily distinguished at 1707 cm-1 and 1734 cm-1, corresponding to the
C=O stretch in carboxylic acid groups and ester groups, respectively. After neutralization, peaks
appear at 1570 cm-1 and 1410 cm-1, corresponding to negatively charged carboxylate groups,19 and
the peak at 1707 cm-1 decreases in intensity, showing that carboxylic acid groups have been
neutralized.
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Figure 7.2: FTIR spectroscopy of protonated 11/12SAnh and 11/12SAnh-43Na. The spectra were
normalized by the absorbance of the CH bending mode at 1466 cm-1, and shifted vertically for
clarity.

X-ray scattering of 11/12SAnh is compared with two precise carboxylic acid-containing
polyethylenes, p9AA and p15AA,20 and a pseudorandom copolymer, r15AA,18 in Figure 7.3(a).
All samples show an amorphous halo centered at ~1.35 Å-1. r15AA shows an additional weak
feature at ~1.5 Å-1 due to a small degree of crystallinity, which arises from the statisticallyoccurring longer alkyl chain segments devoid of acid groups.18 p15AA and p9AA each show a
peak at low q (0.45 Å-1 and 0.63 Å-1, respectively), while r15AA does not. In p15AA and p9AA,
the precisely periodic locations of carboxyl pendant groups along the backbone result in welldefined spatial periodicity of the scattering length density at a lengthscale of 1-2 nm, leading to the
X-ray scattering peak. The microstructure of the pseudorandom copolymer does not give rise to
such regular compositional periodicity, and therefore no low-q peak is observed in r15AA.
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Figure 7.3: Room temperature X-ray scattering of (a) the polymers with fully protonated
carboxylic acid groups and (b) the polymers with a fraction of their carboxylic acid groups
neutralized with sodium. Triangles in (a) indicate low-q peak positions. In (a), p9AA and p15AA
are reproduced from ref. 20 and r15AA is reproduced from ref. 18. In (b), p9AA-33Na is
reproduced from ref. 6. All data is normalized by the amorphous halo amplitude and shifted
vertically for clarity. (a) and (b) are shown with different intensity scales.

X-ray scattering of 11/12SAnh is very similar to that of p9AA and p15AA (Figure 7.3(a)),
implying that the morphology of the nearly precise polymer is closely related to that of the precise
polymers. The d* corresponding to the low-q peak is plotted as a function of the all-trans length of
the average repeating unit (dall-trans) in Figure 7.4(a). In 11/12SAnh, a low-q peak is present at 0.51
Å-1, clearly following the trend of the precise polymers. Furthermore, the peak width as a function
of dall-trans is plotted in Figure 7.4(b), and the width of the low-q peak in 11/12SAnh also follows
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the trend of the precise polymers. Thus, not only does the nearly precise polymer show a low-q
peak where the pseudorandom copolymer does not, but this peak’s position and width follow the
trends of the precise polymers very closely. Note that the greater amplitude of the low-q peak
relative to the amorphous halo in 11/12SAnh is likely due to the additional oxygen atoms in the
ester groups.
We can thus infer that the amorphous morphology of 11/12SAnh is related to p9AA and
p15AA. Atomistic molecular dynamics (MD) simulations of p9AA at 150°C show that the acid
groups form hydrogen-bonded aggregates, many of which are larger than dimers, and contain four
or more acid groups.21 We can infer that the morphology of 11/12SAnh also consists of acid groups
in hydrogen-bonded acid aggregates, and the ester groups may participate in the aggregate structure
as hydrogen bond acceptors.

148

Figure 7.4: (a) Characteristic lengthscale (d*) and (b) full width at half maximum (FWHM) of the
low-q peak as a function of the all-trans length of the repeating unit of the polymer (dall-trans). For
11/12SAnh and r15AA, dall-trans is calculated using the average repeat unit. d* and FWHM values
are from fits of the X-ray scattering profiles presented in Figure 7.3. Circles are fully protonated
and triangles are partially neutralized with sodium. Dashed lines are to guide the eye.

Next, we compare the X-ray scattering of the sodium ionomers, presented in Figure 7.3b.
The neutralization percent as determined by elemental analysis is included in the naming scheme
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(e.g., 43Na means 43% of COOH groups are neutralized with sodium). Upon partial neutralization
with sodium, the low-q peak of p15AA-35Na and p9AA-33Na dramatically increases in intensity
and decreases in width, and shifts to lower q. These changes are the result of the presence of ionic
aggregates,22 wherein strong electrostatic interactions cause aggregation of ionic moieties. The
unusually sharp peaks found in precise ionomers are due to highly regular periodicity of the
scattering length density in the amorphous morphology and are a direct result of the precise
microstructures.22 In r15AA-28Na a very broad ionomer peak emerges upon partial neutralization
– the peak width is three times greater than that of the precise ionomers, Figure 7.4(b). The
characteristic length scale of the ionomer peak, d*, in r15AA-28Na also does not follow the trend
of the precise polymers (Figure 7.4(a)). The larger d* and broader peak in the random ionomer
has been reported before,22 is predicted by coarse-grain simulations,23 and is attributed to larger
and more heterogeneous ionic aggregates in random ionomers compared with precise ionomers.
The X-ray scattering of the ionomer form of 11/12SAnh is quite similar to the precise
ionomers. Like the un-neutralized polymers, the low-q peak position and width in 11/12SAnh43Na follows the trends of p15AA-35Na and p9AA-33Na, implying that the nearly precise
ionomer retains the high degree of morphological order of the precise ionomers, despite the onecarbon variation of spacer length. The morphologies of these precise ionomers have been
investigated extensively via atomistic MD simulations, and a variety of ionic aggregate
morphologies have been observed, from compact isolated aggregates to stringy branched
aggregates that can form percolating networks.4-5 Based on these simulations, p15AA-35Na has a
stringy but not percolating aggregate morphology, while p9AA-33Na has a fully percolating
aggregate morphology.6 Without further investigation we cannot say which morphology
11/12SAnh-43Na exhibits. However, the ester groups may promote a percolating morphology in
11/12SAnh-43Na because they increase the volume fraction of polar groups. The simulations have
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shown that un-neutralized COOH groups participate in ionic aggregates, suggesting that the polar
ester groups could participate as well. The extra methylene in some of the carboxyl pendants of
11/12SAnh may also play a role, extending carboxyl groups further from their main chains and
potentially changing the aggregate sizes and shapes. Note that although 11/12SAnh contains ester
groups, the low-q X-ray scattering peak is still comparable to the precise polymers because this
peak is indicative of the aggregate structure, and the peak width is tied to the uniformity of this
structure.

Table 7.1: Glass transition temperatures (DSC) of polymers in acid form and ionomer form.
Tg (°C)
Material

a

Acid form

Na ionomer form

11/12SAnh

-14

29

p9AA

7a

52

p15AA

3a

46

These values taken from reference 1.

The glass transition temperatures of the amorphous materials were measured via DSC
(Table 1). Thermograms are available in the supporting information (Figure E.1). The Tg of
11/12SAnh is substantially lower than that of p9AA or p15AA, due to the additional chain mobility
imparted by the ester groups present in the backbones. Upon neutralization with sodium, the T g
increases by 43-45°C in all three amorphous polymers, and a single Tg is observed. r15AA contains
a small degree of crystallinity and its Tg was not observed via DSC in either acid or ionomer forms.
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7.3

Conclusion
We have shown that the morphological size scale and uniformity of a nearly precise

polymer and sodium ionomer is essentially equivalent to that of analogous precise polymers and
ionomers, as quantified using X-ray scattering. The low-q X-ray scattering peak of 11/12SAnh
follows the trends of p15AA and p9AA with respect to peak position and peak width. The sodium
ionomer form of 11/12SAnh also follows the trends of the p15AA and p9AA sodium ionomers.
This is in sharp contrast to the pseudorandom polymer r15AA that fails to show a low angle peak
in the acid form and shows a much broader peak in ionomer form. Thus, the morphology of
11/12SAnh is much closer to that of the precise polymers than the pseudorandom copolymer. This
work suggests that the special properties of precise polymers may also be found in polymers with
random placement of one additional methylene group in each monomeric repeat unit.
Future work will further explore the effect of small variations in spacer length on structure
and properties of functionalized polyethylenes. It is desirable to systematically vary the degree of
spacer heterogeneity, i.e., compare n/n+1 spacers (shown in this study) with n±1, n±2, etc., and
measure the resulting morphologies and properties. For instance, in which microstructures does
the layer formation and strain hardening found in precise polymers1-2 exist? Coarse grain
simulations similar to Hall et al.,23 paired with X-ray scattering studies, could evaluate the effects
of these microstructures on morphology. Another critical question is how semicrystalline precise
polymers are affected by small variations in spacer length. ADMET chemistry has produced
semicrystalline polymers with precisely spaced pendant methyl groups, 24 halides,25 sulfone
groups,3 and others.13 These functional groups tend to arrange in layers within the crystals, and
these layers will be perturbed to an unknown degree when the functional group placement is not
precise. Recently, an unusual multilayer chain-folded structure was reported in an ADMET
polyethylene with pendant carboxylic acid groups every 21st carbon.26 How stable is this structure
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with respect to lack of true precision? Answering these questions may open the door for a wider
array of synthetic routes to produce nearly precise functional polymers with morphologies and
properties similar to those discovered in precise polymers.
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Chapter 8:
8.1

Conclusions and Future Work

Conclusions
While functionalized polyethylenes have been studied for decades, new synthetic

advancements have produced polyethylenes containing precisely periodic functional groups. The
superior control over polymer microstructure leads to well-ordered, nanoscale morphologies that
lend themselves to detailed characterization. This dissertation investigates the structures and
properties of these precise polyethylenes with polar groups. These studies have found that polymer
conformation and crystallization can be controlled with pendant polar groups, and that the resulting
layered morphologies are potentially useful for proton transport.
Chapter 2 examines the crystal structure and thermal properties of polyethylenes with
backbone sulfone (SO2) groups after every 8, 14, or 20 methylene groups. These sulfone groups
are small enough to be incorporated into the extended-chain polyethylene crystal. The sulfone
groups form layers within the crystals to optimize packing and to engage in hydrogen bonding with
α-hydrogens, similar to Nylon. The hydrogen bonding causes an increase in melting temperature
relative to pure polyethylene, with Tm increasing approximately linearly with sulfone
concentration. The polymer with the highest sulfone concentration, 11.1 mol%, has the highest
melting point, 175°C. The layer period is directly proportional to the alkyl spacer length, indicating
a similar extended chain conformation within the crystalline domains for each polymer. These
aliphatic polysulfones are produced by a relatively simple synthesis, have a tunable melting point,
and are expected to have good chemical stability. This work has been published in Macromolecular
Chemistry and Physics (2016).1
In Chapter 3, the room temperature structure of a precise polyethylene with carboxylic
acid groups pendant to every 21st carbon atom is studied via atomistic molecular dynamics
simulations, X-ray scattering, and Raman spectroscopy. It was previously known that the acid
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groups form layers upon crystallization (Tm = 45°C). Simulations were performed with two types
of layers: extended chain, where the polymer chain conformations are completely extended, and
adjacent reentry, where the chains execute hairpin folds at the position of each acid group. Four
simulations were carried out for each type. The layer period and the calculated wide-angle X-ray
scattering for the adjacent reentry simulations agrees well with the experimental data, while the
extended chain simulations do not agree. In the extended chain simulations, the acid group volume
is large enough to require a significant tilt angle between the acid layers and the chains, causing
the layer period to be significantly smaller than the experimental value. Raman spectroscopy
reveals hexagonal packing of alkyl segments, which is clearly seen in the adjacent reentry
simulations. Thus, we conclude that the adjacent reentry structure is a good approximation for the
observed crystalline structure. These dense acid layers could be useful for ion transport. This work
has been published in the Journal of the American Chemical Society (2017).2
Chapter 4 examines the semicrystalline structure of the polymer from Chapter 3. The bulk
morphologies of p21AA were examined after isothermal crystallization and, using X-ray scattering
and polarized optical microscopy, found p21AA to be semicrystalline. By analyzing X-ray
scattering peak widths, creating real-space models of lamellae, and performing in situ X-ray
scattering during tensile deformation, we conclude that, contrary to the typical structure of polymer
crystallites, the polymer stems lie in the plane of the lamellae such that the acid layers are
transverse (within 30° of orthogonal) to the crystallite plane. This surprising structure could be
useful for designing semicrystalline membranes because, given the appropriate chemistry, layers
of functional groups could provide pathways for small molecule, ion, or proton transport through
crystallites. We expect this novel structure to be accessible in similarly designed crystallizable
polymers that contain evenly spaced, moderately sized, associating side groups. This work has
been published in Macromolecules (2017).3
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In Chapter 5, we examine the morphological evolution of precise polymers during tensile
testing. Tensile testing is performed with in situ synchrotron-source time-resolved X-ray
scattering. Utilizing the mathematical formalisms described by Burger et al., 4 X-ray scattering
peaks are fit as a function of strain to obtain descriptions of these peaks in three-dimensional
reciprocal space. A description of the real-space structures is thereby obtained. This analysis is
performed on two polyethylenes: one with carboxylic acid groups pendant to every 21 st carbon
(p21AA), and the other with imidazolium bromide groups pendant to every 15th carbon along the
chain (p15ImBr). We find that upon yield, the crystallites in p21AA break apart giving rise to
oriented, elongated nanofibrils. Meanwhile, in p15ImBr, the crystal structure is maintained but
reorients. p21AA exhibits significant strain-hardening, while p15ImBr does not, suggesting that
this nanofibrillar morphology increases strain-hardening. This work will be submitted for
publication in a peer-reviewed journal.
Chapter 6 studies a precise polyethylene with sulfonic acid groups pendant to every 21 st
carbon atom. This polymer exhibits a similar morphology to the analogous carboxylic acid
polymer, executing tight chain folds at the position of each acid group to form acid-rich layers.
The sulfonic acid groups are hygroscopic, causing the layers of acid groups to increasingly swell
with water as the environmental relative humidity increases. This creates lamellar (planar) water
channels of thickness < 1 nm. The channels have high hydronium concentration due to the
dissociation of the sulfonic acid groups, and as a result transport protons efficiently. The bulk
material has similar conductivity to Nafion 117 (~0.1 S/cm at 98% relative humidity), which
possesses disordered water channels. Due to the highly uniform nature of the water channels, this
new material is an ideal candidate for fundamental studies on proton transport through very narrow
planar water channels. Furthermore, the convenient self-assembly of the polymer shows the
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potential for precise polymers to create useful structures. This work is to be submitted for
publication in a peer-reviewed journal.
In Chapter 7, the morphology of a nearly precise acid-containing polymer and
corresponding ionomer is compared with truly precise polymers, to evaluate the potential for nearly
precise polymers to mimic the advantageous structures and properties of truly precise polymers. A
nearly precise acid-containing polymer, termed 11/12SAnh, was synthesized from a succinic
anhydride-alcohol monomer. 11/12SAnh is a polyester with pendant carboxylic acid groups, and
its backbone spacer length is either 11 or 12 carbons between each acid group. This polyester is
subsequently partially neutralized with sodium ions. The morphology is studied via X-ray
scattering, and the peak positions and widths of 11/12SAnh are indistinguishable from the truly
precise polyethylenes, both in the protonated and neutralized forms. These results suggest that the
properties of nearly precise polymers could likewise be quite similar to truly precise polymers and
beckons future work to explore their properties. This work has been published in ACS Macro
Letters (2017).5

8.2

Future Work
Research on precise functional polyethylenes is still in its early stages. ADMET

polymerization produced the first precise acid-containing polyethylenes only ten years ago.
Mastery over the synthetic methods, morphologies, dynamics, and properties of these polymers
could yield a new class of commercial materials possessing previously inaccessible properties. The
multilayer chain-folded crystallites are particularly promising for proton and ion transport, but
many more questions must be answered. Do nearly precise polymers with long spacers exhibit the
chain-folded layered structure? Which other functional groups will induce the layered structure?
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Are there certain criteria that will help predict which degree of precision and which functional
groups will produce this structure?
Further studies of p21SA. p21SA, the polyethylene with sulfonic acid groups pendant to
every 21st carbon, is known to exhibit the chain-folded layered structure with large (> 70 nm)
crystal size along the layer normal. However, it is not known whether amorphous regions coexist
with the crystalline regions, or how large the crystals are. This is important for understanding the
effect of structure on conductivity. How does the crystal size or degree of crystallinity affect the
proton conductivity? These parameters can likely be modified via thermal treatments, but it is
difficult (or impossible) to measure this via X-ray scattering because no inter-crystallite peak is
observed. Therefore, microscopy methods should be employed to understand the morphology of
p21SA. A film of p21SA can be cast from solution (there is enough material in Winey’s lab to
produce many films). Amorphous regions of semicrystalline polymers can be stained with osmium
tetroxide to greatly enhance the contrast between amorphous and crystalline regions. Amorphous
regions can also be etched away with chemicals such as nitric acid, leaving only the crystalline
regions. The effectiveness of these treatments has been demonstrated for polyethylene. 6–8 One of
these treatments should allow imaging of the crystalline regions via SEM, TEM, STEM, or AFM,
if amorphous regions exist.
Another way to examine the crystalline regions of p21SA is to image the chain-folded
layers directly. Sulfur may provide sufficient contrast to image these layers via TEM or HAADF
STEM, or, if not, a fully crystallized p21SA sample could be placed in a concentrated cesium
hydroxide (or uranyl hydroxide) aqueous solution such that Cs atoms enter the water channels in
the p21SA. When the sample is removed from the solution and dried, some Cs atoms should remain
in the channels, enhancing the contrast. This CsOH treatment will also greatly enhance the layer
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contrast in X-ray scattering, allowing more layer peaks to be observed and therefore permitting
further analysis (e.g., Williamson-Hall analysis of peak widths and/or Fourier synthesis).
Wagener’s group has provided approximately 100 mg of three different molecular weights
of p21SA (approximately 10k, 20k, and 30k), and thus far only the 20k polymer has been studied.
The other molecular weights should be studied via X-ray scattering and electrochemical impedance
spectroscopy, to see if there is a molecular weight dependence on the structure and properties.
Lower molecular weights might result in higher crystallinity or more perfect crystals, and it will
be interesting to examine the effect of this on proton conductivity.
It would also be interesting to study whether molecules other than water can facilitate
proton conductivity in p21SA. For instance, can the layered be swelled with imidazole? Due to its
protic nature and low vapor pressure at room temperature (~0.3 Pa), imidazole within the layers of
p21SA may provide high proton conductivity without requiring a controlled environment.
Imidazole is soluble in polar solvents (water, acetone, etc.) so it should preferentially associate
with sulfonic acid in p21SA. This strategy was very recently applied to a Nafion-based fuel cell.9
Measure the intrinsic conductivity of a crystallite. Thus far, conductivity measurements
of layer-forming precise acid-containing polymers have been limited to bulk p21SA, where the
measured conductivity is likely dependent not only on the conductivity within the crystalline
regions but also in any amorphous regions that may exist and/or across grain boundaries. It would
be very instructive to measure the conductivity of the crystal alone. Single crystal growth has
already been demonstrated for several precise polyethylenes,10 making it feasible to measure the
conductivity of a single crystal. One approach would be to deposit single crystals onto a conductive
(e.g. metallic) substrate that would serve as one electrode, and for the other electrode a
nanomanipulator could place a gold nanoplatelet on top of a crystal. Electrical contact between the
gold nanoplatelet and the impedance spectrometer could be achieved by the nanomanipulator, and
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the conductivity could be measured. For this approach, a crystal oriented with the layers running
perpendicular to the substrate would be required. This could also be done for other crystallizable
precise polymers including those containing imidazolium bromide.
Determine which other polymers will exhibit chain-folding. This dissertation has
shown that two acid-containing polymers and one ion-containing polymer exhibit the chain-folded
layered structure. One important question is: what are the chemical criteria for these pendant
functional groups to induce the chain-folded layered structure? Pendant carboxylic acid groups
induce the chain-folded layered structure but methyl groups do not appear to.11 Which functional
groups will reliably produce this structure when prepared from the melt state or dilute solution?
Because the syntheses of these polymers is generally time-consuming, a predictive understanding
would be advantageous. While crystallization has not been seen in our atomistic molecular
dynamics (MD) simulations of precise polymers, coarse grain and united atom methods have been
used to simulate crystallization processes of polymers such as polyethylene and polypropylene.12–
16

It may be possible to observe crystallization of precise polyethylene in coarse grain MD

simulations using a pendant bead with a dipole or charge to represent a functional group, similar
to work by Hall.17,18 One could modify the dipole or charge on the bead and perhaps bead size to
represent a range of functional groups from methyl to sulfonic acid. This method would determine
the attributes of the pendant required to produce the chain-folded layered structure upon meltcrystallization. Additionally, changing the spacer length in the simulations could reveal the spacer
length requirement for forming the layered structure, as well as the degree of precision required.
Other functional groups. Precise placement of other functional groups could yield
different properties. If a protic ionic liquid functionality such as imidazole is placed every 21
carbons, this may form a layered structure like the acid-containing polyethylenes. Since neat
imidazole exhibits Grotthuss proton diffusion, the close proximity of the imidazole groups within
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the layer could promote this proton hopping and lead to enhanced anhydrous proton conductivity.19
Eliminating the humidity requirement for fuel cell membranes would lead to significant
improvements in operating cost and efficiency.
The layered structure could also be used for lithography. The sulfonic acid polyethylene
forms layers with water channels less than 1 nanometer thick. If the layers could be oriented
perpendicular to the substrate, these thin water layers may be etched, creating sub-nanometer
features with exquisite control over size and periodicity. Larger side groups which are easily etched
could be used instead of sulfonic acid, eliminating the need for controlled humidity.
Nearly precise polymers. The use of precise polymers in commercial applications will
depend upon the development of simpler and less expensive synthetic methods. As such, it is
worthwhile to explore the structures and properties of nearly precise polymers, which are much
simpler to produce. Do they possess similarly advantageous properties as the precise polymers?
Future work should include investigations of mechanical properties of nearly precise polymers, to
see if they exhibit the same strain-hardening layer formation as the precise polymers.20,21 The
nearly precise polymers may also form the chain-folded layered structure seen in p21AA and
p21SA. There will be a certain degree of precision required in the functional group placement to
achieve the layered structure, and this should be understood. For example, it should be determined
whether carboxylic acid groups on every n or n+1 carbon (where, for example, n=21) will produce
the layered morphology.
Designing new chain-folding polymers. Another important question is whether the chain
can be modified to improve the folding. Would ether oxygens in the backbone near the functional
group make it more likely for the chain to execute hairpin folds due to the flexibility of the ether
bonds? Could folding be encouraged by the addition of, for example, backbone benzyl groups
where the neighboring backbone methylene groups are bonded to positions 1 and 2 on the benzyl
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ring (Figure 8.1)? If so, a functional group could be attached to position 4 (and 5) on the benzyl
ring to achieve some new purpose. Developing these types of strategies to encourage chain folding
may allow the use of functional groups that would not ordinarily induce chain folding in a simple
polyethylene.

Figure 8.1. One example of a precise polymer with chain-folding encouraged by its chemical
structure, where R1 and R2 are, for example, sulfonic acid. Because the 1 and 2 backbone positions
should encourage chain folding, the benzyl group may allow a wider range of functional groups to
be used compared with precise functionalized polyethylene.
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Appendix A:
A.1

Supporting Information for Chapter 2.

TGA Thermograms of Polymers. Heating ramp is 10 °C/min.

Figure A.1. SO28U TGA thermogram.
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Figure A.2 SO214U TGA thermogram.
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Figure A.3. SO220U TGA thermogram.
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Figure A.4. SO28 TGA thermogram.
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Figure A.5. SO214 TGA thermogram.
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Figure A.6. SO220 TGA thermogram.
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A.2

Variable-temperature X-ray scattering of SO28U.

Figure A.7. Variable-temperature X-ray scattering of SO28U upon cooling. The sulfone layer peak
and crystalline peak emerge together as the polymer is cooled to below the crystallization
temperature (~90°C), showing that both features are related to the crystalline structure.
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Appendix B:

B.1

Supporting Information for Chapter 3

Methods
X-ray Scattering. The synthesis of the batch of p21AA used in X-ray scattering and

Raman spectroscopy was reported previously, along with the following DSC characterization: T g
= 286K, Tm = 319K, and ΔHm = 60.5 J/g.1 For X-ray scattering, the p21AA sample was meltpressed at 403K into a film of thickness ~130μm, cooled at 15K/min, and aged at room temperature
for a minimum of three days. The X-ray scattering results using a synchrotron source with X-ray
wavelength 0.73Å and a MAR-CCD detector were previously reported by Middleton et al.2 The
data have been reanalyzed and fit using the Datasqueeze software 3 for direct comparison with
simulation results. The fit of the high-q region for comparison with the structure factors from the
simulations used two Lorentzian functions and a linear background.
Initial Structures for Simulations. Initial atomic positions were generated using a homebuilt script and LAMMPS input files were subsequently generated using Moltemplate.4 Unless
otherwise specified, all initial bond lengths, bond angles, and dihedral angles were built at their
lowest energy values. All molecules consisted of four monomers, i.e. 84 backbone carbon atoms
with pendant COOH groups on the 11th, 32nd, 53rd, and 74th carbon. Stereo-irregularity was
introduced using a random number generator. All visualization of the simulations was
accomplished using the VMD software.5
The series of dihedral conformations comprising each chain fold in the initial AR
structures was ttttg’g’ggtgttt,6 where the numerical values of the dihedral angles were taken from
Chum et al.7 Due to small differences in equilibrium bond lengths and bond angles between
Chum’s force field and LOPLS, small changes in Chum’s reported series of dihedral angles were
required to obtain a true 180° chain fold. This was achieved by applying small perturbations to the

175

dihedral angles (without consideration of energetics) to obtain a post-fold stem that was antiparallel
to the pre-fold stem. The resulting series of dihedral angles are 177.33, -177.41, 175.51, 177.75, 65.50, -64.57, 94.15, 71.29, 178.83, 73.86, 169.71, -175.63, 177.56°.
The polyethylene simulation used 70 n-alkane molecules, with each molecule containing
84 carbon atoms. The all-trans molecules were arranged according to literature values for the
orthorhombic PE unit cell.8
Structural Relaxation via Molecular Dynamics. All simulations were fully atomistic
and used the LOPLS-AA force field9 and the LAMMPS software package.10 Periodic boundary
conditions were used in all simulations. The real-space nonbonded cutoff was 13Å and a particleparticle particle-mesh solver was used for long-range electrostatics.11 A Nosé-Hoover thermostat
was used with a temperature damping parameter of 102 fs and a pressure damping parameter of
105 fs. The integration time step was 1 fs. All p21AA simulations except for the amorphous
simulation used the following procedure. First a local energy minimization was carried out with
stopping tolerance of 10-4 for energy and 10-4 kcal/mol-Å for force. Then the Nosé-Hoover
thermostat was turned on and MD was run at 273K for 1 ns, for initial low-temperature relaxation.
Then the system was heated to 348K at a rate of 10K/ns, and relaxation proceeded at 348K for the
amount of time indicated in Supplemental Table S1 (between 52 and 260 ns). After this amount of
time, EC1, EC2, AR1, and AR2 were cooled to 298K at 100K/ns and relaxed at 298K for 15 ns to
obtain the results shown in Figures 3, 5, 6, 7, 9, and S5, and the two right-most columns of Table
1. The other p21AA simulations were not cooled to 298K. All simulations except for the
amorphous simulation used the NPT ensemble at a pressure of 1 atm with the LAMMPS triclinic
option, allowing each edge length and each angle of the simulation box to vary independently (6
independent parameters) based on the system stress tensor. Note that the temperature of structural
relaxation in the simulations of crystalline p21AA, 348K, is above the experimental melting
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temperature, 319K. However, 348K was required to obtain sufficient mobility to relax the
structures, as the dynamics were relatively slow due to hydrogen bonding.
The initial structure of the amorphous simulation (AM) was built by placing 64 all-trans
p21AA molecules in random orientations on a cubic lattice at very low density, and isotropically
compressing the system to a density of 0.34 g/cm3 using a Langevin thermostat at 423K, similar to
Bolintineanu et al.12 Then the Nosé-Hoover thermostat was used to equilibrate the system in the
NPT ensemble at 423K over 36 ns, followed by cooling to 348K at a rate of 1K/ns, and relaxation
at 348K for 268 ns. The simulation box edge lengths were allowed to vary independently based on
the system stress tensor, to facilitate any crystallization from the melt; however, no crystallization
from the melt was observed in this simulation.
The polyethylene simulation used the same local energy minimization as the EC and AR
simulations, and then was run at 298K for 20 ns under the same simulation conditions (aside from
temperature) as the EC and AR simulations.
The calculation of the layer spacing was simplified by the fact that in all simulations, two
of the vectors describing the simulation box edges were also in the plane of the COOH layers. If
these two vectors are labeled 𝑎 and 𝑏⃗, the spacing from one a-b plane to the next (spanning the
entire simulation box) is given by 𝑑001 = |

−1
⃗
𝑎⃗ ×𝑏
,
|
⃗)
𝑐 ∙(𝑎⃗ ×𝑏

and this quantity divided by the number of

COOH layers in the simulation box is equal to the COOH layer spacing. In the extended chain
simulations, an error is introduced because the calculation includes the layer of chain ends, but the
error in the layer spacing is less than 2.5% (less than 0.5 Å) so we do not correct for it. The layer
spacing reported in Figure 8 is from the relaxation period at 348K. Upon cooling EC1, EC2, AR1,
and AR2 to 298K, the layer spacing changed by less than 0.3 Å.
Structure Factor Calculations. Structure factors were calculated from simulation data
using the Debye equation,
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1

⃗⃗⃗𝑗 −𝑟
⃗⃗⃗⃗𝑘 )
𝑁
−𝑖𝑞⃗∙(𝑟
𝐼(𝑞 ) = 𝑁 ∑𝑁
𝑗=1 ∑𝑘=1 𝑓𝑗 𝑓𝑘 𝑒

(A1)

where 𝐼(𝑞 ) is the intensity as a function of scattering vector 𝑞, 𝑁 is the number of atoms, fj is the
atomic form factor of the jth atom, ⃗𝑟𝑗 is the position of the jth atom, and 𝑖 = √−1.13 The structure
factor was calculated for the full set of 𝑞 within the range 0.9 Å-1 < |q| < 2.1 Å-1 satisfying the
following criteria:

𝑞 = 𝑖 ∙ 𝑞𝑎 + 𝑗 ∙ 𝑞𝑏 + 𝑘 ∙ 𝑞𝑐 , where i, j, and k are integers and
⃗ ×𝑐
𝑏

⃗
𝑎⃗ ×𝑏

𝑐 ×𝑎⃗

𝑞𝑎 = 2𝜋 𝑎⃗∙(𝑏⃗×𝑐 , 𝑞𝑏 = 2𝜋 𝑏⃗∙(𝑐×𝑎⃗) , and 𝑞𝑐 = 2𝜋 𝑐∙(𝑎⃗×𝑏⃗
)

)

(A2)

(A3)

and 𝑎, 𝑏⃗, and 𝑐 are the vectors describing the edges of the simulation box in real space. Each point
I(q) was then converted from a delta function into a Gaussian function centered at q with
proportional intensity, and these Gaussian functions were summed to obtain the final structure
factor. All structure factors were averaged over 150 frames. For the widths of the Gaussian
functions, FWHM=0.078 Å-1 was chosen for AR2 and EC2 to best match the experimental data.
For PE, FWHM=0.015 Å-1 was chosen. The Waasmaier-Kirfel atomic form factors were used for
the calculation,14 and hydrogen atoms were excluded from the structure factor calculation to
improve computation time. Calculations were performed using an original code.
Area Per Alkyl Segment. In EC1, EC2, AR1, and AR2, the area per alkyl segment as
projected onto a plane orthogonal to the segment’s axis was calculated at 298K. This was
calculated by viewing alkyl segments looking along the alkyl segment axes using the VMD
software, and counting the number of segments within an area measured by the software. The area
was divided by the number of segments to obtain the area per segment. Each reported value is an
average over four measurements.
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Raman Spectroscopy. Samples were melt-pressed into films on a hot plate and aged for
at least three days prior to Raman measurements. Raman spectra were obtained using a 660 nm
continuous-wave laser in reflection mode. For HDPE (Chevron Phillips HiD® 9402 Polyethylene,
density = 0.963 g/cm3), a laser power of 10 mW was used, while for p21AA a power of 120 mW
was used. Lower laser powers were attempted for p21AA, but 120 mW was necessary to obtain a
good signal-to-noise ratio. The laser was defocused to minimize heating of the sample. The spectral
resolution is 1.1 cm-1.
The fraction of CH2 units belonging to segments of at least three to five consecutive trans
bonds, ftrans, was obtained by comparing the two peaks corresponding to CH2 twist.15, 16 The Raman
spectrum was fit in the range of 1260 to 1360 cm-1, using two Lorentzian functions and a linear
background.17 The quantity ftrans was calculated as I1296 / (I1296 + I1307), where I1296 and I1307 are the
integrated intensities of the Lorentzian functions at 1296 and ~1307 cm-1.

179

B.2

Results

Table B.1. Final energies, simulation times, energetic breakdowns, and densities at 348K of all
nine p21AA simulations. Simulation time refers to the amount of time at 348K. All energies
reported in kJ per mole of repeat units, i.e. kJ per mole of 21 backbone carbons. “Intramolecular
energy” refers to the energetic contributions of all bond lengths, bond angles, and dihedral angles
in the system.
Simulation Simulation Total
time [ns]

Van

der Coulombic

Intramolecular

Density
[g/cm3]

energy

Waals

energy

energy

[kJ/mol]

energy

[kJ/mol]

[kJ/mol]

[kJ/mol]
EC1

213

30

-129

-51

210

0.992

EC2

159

68

-109

-51

228

0.928

EC3

169

74

-104

-52

230

0.915

EC4

56

32

-128

-51

210

0.989

AR1

260

63

-115

-62

240

0.965

AR2

172

82

-103

-59

243

0.923

AR3

62

84

-101

-59

243

0.918

AR4

52

72

-110

-60

242

0.947

AM

268

93

-91

-56

240

0.878
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Figure B.1. Three views of each full simulation box of the four extended chain simulations after
relaxation at 348K. All atoms represented as ball-and-stick (black=carbon, red=oxygen,
gray=hydrogen), except for alkyl hydrogens which are not shown. All at 348K.
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Figure B.2. Initial and final slices of the EC3 simulation. Final at 348K.
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Figure B.3. Initial and final projections and slices of the EC4 simulation. Final at 348K.

(a) EC3

(b) EC4
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(c) AR3

(d) AR4

(e) AM

Figure B.4. Percentage of COOH groups in various H-bonding states over time in (a) EC3, (b)
EC4, (c) AR3, (d) AR4, and (e) AM. Cis and trans refer to the OCOH dihedral conformation.
“Dimer” refers to a COOH group which is H-bonded twice to the same partner, while “Multimer”
refers to a COOH group which has two H-bonds to two different partner COOH groups. A
trans/dimer state is not possible due to geometric considerations. All data at 348K.
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(a) EC1

(b) EC2

(c) AR1

(d) AR2

(e) AM

(f) PE
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Figure B.5. Distribution of backbone dihedral angles of final structures. All data at 298K, except
for (e), 348K. Only the middle two monomers of each four-monomer molecule are counted. Note
the different y-axis scale in (f).
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Figure B.6. Three views of each full simulations box of the four adjacent reentry simulations after
relaxation at 348K. All atoms represented as ball-and-stick (black=carbon, red=oxygen,
gray=hydrogen), except for alkyl hydrogens which are not shown. All at 348K.
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Figure B.7. Initial and final slices of the AR3 simulation. Final at 348K.

Figure B.8. Initial and final slices of the AR4 simulation. Final at 348K.
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Figure B.9. Structure factor calculated from simulation of polyethylene (C84). The structure factor
calculation yields a series of delta functions with defined relative intensities, and these delta
functions were convoluted with Gaussian functions of uniform FWHM = 0.024 Å-1 to illustrate
good agreement with typical experimental PE X-ray scattering.
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(a) p21AA

(b) HDPE

Figure B.10. Fit of Raman spectrum of (a) p21AA and (b) HDPE in the range 1260 – 1360 cm-1.
Fit with two Lorentzian functions and a linear background. Black points = experimental data, red
line = total fit, gray lines = fit components. Data at 298K.
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Appendix C:
C.1
(a)

Supporting Information for Chapter 4.

Additional X-ray Scattering Plots.
(b)

(c)

Figure C.1: Fitting procedures for obtaining integrated peak intensities from the in situ tensile
deformation experiment. To obtain the long period integrated peak intensity, the low-q region of
the SAXS data is fit with a power law (a), and this power law is subtracted from the data. Then the
remaining intensity is integrated over the entire q range (b), which is dominated by the long period
197

peak. To obtain the acid layer peak intensity, the intermediate q range was fit with a Gaussian
function to capture the layer peak (q* ~ 0.25 Å-1), a Lorentzian function for the inter-acid scattering
in the amorphous domains (q* ~ 0.3 Å-1), and a linear background. This is shown in (c), where the
experimental data is shown as blue dots, the total fit as a black line, and individual fitting functions
as green lines.
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Figure C.2: X-ray scattering of p21AA with crystallization temperature of 41°C, with full q range
on same plot. Data is stitched together from two sample-to-detector distances, with intensities
rescaled so that the two curves overlap.
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(a)

(b)

Figure C.3. X-ray scattering of Nylon-12, showing (a) the long period peak and (b) the amide
layer peak as a function of crystallization temperature.
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Appendix D.
D.1

Supporting Information for Chapter 5.

Hairpin Folding Motif of p15ImBr
To assess the presence of hairpin folding in p15ImBr, we compare the periodicity of

p15ImBr with that of quiescent p21AA, which is known to exhibit the hairpin folding. In the
crystalline domains of semicrystalline p21AA, the layer spacing is 25 Å, but the layer normal is
not parallel to the chain axis; it is tilted by 32°.1 Thus, a vector parallel to the chain axis sees a
periodicity of 25 Å × cos(32°)−1 = 29.5 Å. If we reduce the number of carbons from 21 to 15,
assuming 1 Å per carbon, the vector parallel to the chain axis sees a reduction in periodicity of 6 Å,
to 23.5 Å. Then, replacing two carboxylic acid groups with two imidazolium bromide groups, the
periodicity of the vector along the chain axis would increase by ≈ 7 Å to ≈ 30.5 Å. Thus, we can
expect the layer spacing of p15ImBr to be

≈ 30.5 Å × cos(32°) = 26 Å. This is in good

agreement with the experimental value of 26.5 Å.
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D.2

Small-Angle X-ray Scattering

Figure D.1. SAXS of p21AA during tensile deformation at four strains: (a) 0%, (b) __%, (c) __%,
and (d) __%. The arrow indicates the position of the long period (inter-crystallite) peak, which is
isotropic in (a), more intense along the meridian in (b), and has significantly reduced intensity in
(c) and (d).
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Figure D.2. SAXS of p15ImBr during tensile deformation at four strains. No long period peak is
present at any strain. The anisotropy of the small-angle upturn could be indicative of micro-void
formation.
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Appendix E:
E.1

Supporting Information for Chapter 6.

Additional Experimental Data.

Water Uptake.

Figure E.1. Water sorption of p21SA and Nafion 1171,2 at 40°C plotted in three different ways:
mol per mol SO3H (a), millimol per polymer unit weight (b), and millimol per polymer unit volume
(c). The volumetric water uptake of p21SA is quite similar to Nafion 117 (c). The density of dry
p21SA was estimated at 1.0 g/cm3, and that of dry Nafion 117 was 2.1 g/cm3.1,2 The water sorption
measurements of p21SA were reproduced, and the deviation was ± 0.2 λ.

(1)

Zawodzinski, T. A.; Derouin, C.; Radzinski, S.; Sherman, R. J.; Smith, V. T.; Springer, T.
E.; Gottesfeld, S. J. Electrochem. Soc. 1993, 140 (4), 1041.

(2)

Yin, Y.; Fanga, J.; Cui, Y.; Tanaka, K.; Kita, H.; Okamoto, K. Polymer 2003, 44 (16), 4509.
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(a)

(b)

Figure E.2. Conductivity of p21SA measured repeatedly over more than 10 hours at 40°C. (a) at
40% RH, and (b) at 70% RH. Time=0 is the time that the humidity-controlled oven was changed
from (a) 30% to 40% RH, or (b) 60% to 70% RH.

205

Synchrotron-Source Infrared Absorbance.

Figure E.3. Synchrotron-source infrared absorbance of p21SA at four different environmental
humidities (25°C). The SO3H S-O stretching mode at 910 cm-1 is mostly absent at 52% and 91%
relative humidity, indicating that most of the sulfonic groups are ionized under those conditions.
Concurrently, the SO3- symmetric stretching mode at 1042 cm-1 exhibits higher in intensity at 52%
and 91% relative humidity.
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Fitting of Wide-Angle X-ray Scattering.

Figure E.4. Fitting of WAXS of fully crystallized p21SA (75% humidity) with three Lorentzian
functions and a flat baseline. Black = experimental, red = total fit, gray = fit components. The
position and breadth of the amorphous halo was obtained from fitting WAXS at the early stages of
crystallization at 40°C, and fixed to the obtained values for the fits of fully crystallized data. All
data at 40°C.
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Table E.1. Fitting results: position, fwhm, and intensity of each of the three peaks at four
humidities. “I” refers to the Lorentz-corrected integrated intensity of the peak in relative units. The
position and fwhm of the amorphous halo was fixed in all fits (italics). All data at 40°C.

Relative
humidity

Crystalline Bragg Peak

Amorphous Halo

Sulfonic Packing Peak

Position
[Å-1]

fwhm
[Å-1]

I

Position
[Å-1]

fwhm
[Å-1]

I

Position
[Å-1]

fwhm
[Å-1]

I

1%

1.484

0.072

14.3

1.334

0.362

8.7

1.130

0.320

3.7

25%

1.486

0.074

14.2

1.334

0.362

7.5

1.123

0.365

4.7

50%

1.485

0.075

13.6

1.334

0.362

6.9

1.101

0.416

5.4

75%

1.482

0.075

13.2

1.334

0.362

6.6

1.086

0.450

5.6
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DSC Thermogram of Dry p21SA.

Figure E.5. Differential Scanning Calorimetry (DSC) thermogram of dry p21SA. Heating and
cooling ramps were 10°C/min. After cooling, the sample remained at -80°C for five minutes before
the heating ramp began. The sample was placed in a DSC pan without a lid, transferred to a
nitrogen glove box, and dried at 100°C in a vacuum desiccator inside the glove box. Then the
sample was cooled, removed from the desiccator, and the hermetic lid was crimped onto the pan
containing the sample inside the nitrogen glove box.
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X-ray Scattering of p21SA at Room Temperature.

Figure E.6. X-ray scattering of p21SA at 40% relative humidity (room temperature) with four
peaks in the ratio 1:2:3:4 clearly indicating a lamellar morphology.
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Discussion of the Crystallinity of p21SA.
Usually, the degree of crystallinity of a polymer sample can be estimated from WAXS, by
comparing the Lorentz-corrected integrated intensities of the crystalline and amorphous peaks. In
p21SA, a peculiar, broad feature is present at 1.1 to 1.2 Å-1 (Figure 6.2c), unlike the typical
amorphous halo of polyethylene based polymers, which is centered at 1.35 Å-1. We collected Xray scattering during isothermal crystallization of p21SA at 40°C, and found a typical amorphous
halo as expected at short times (t < 3 hr). The position and breadth of this amorphous halo does
not correspond to the broad high-q feature in the fully crystallized p21SA at 40°C. We postulate
that the feature at ≈ 1.1 Å-1 in the fully crystallized p21SA corresponds to ordering of sulfonic
groups at the surfaces of the hydrated layers. SO3 scattering should be ~ 5x more intense than CH2
scattering based on the numbers of electrons in each group. From fitting the fully crystallized
WAXS curves with three Lorentzian functions (Bragg crystalline peak, amorphous halo, and
sulfonic packing peak; see Figure E.3 for details), we obtain a degree of crystallinity of ≈ 65%, but
this estimate is likely too low because the folded segments of the polymer will not contribute to
the Bragg peak and could give rise to amorphous-like scattering. Furthermore, the crystalline
polymer segments are quite disordered so the crystalline peak probably loses considerable intensity
to diffuse scattering. Also from the fitting, the peak at ≈ 1.1 Å-1 (i.e. the sulfonic packing peak)
indicates a Bragg spacing of 5.6 and 5.8 Å for 1% and 75% humidity, respectively. Simulations
show a sulfur-sulfur nearest neighbor distance of between 5.5 and 6.0 Å, based on g(r) plots.

211

Figure E.7. Synchrotron-source small-angle X-ray scattering of p21SA under ambient conditions
(21°C, 70% RH). No peaks are present, whereas in typical semicrystalline polymers a peak
representing intercrystallite correlations would be apparent. This suggests that the material is not
semicrystalline and is instead nearly fully crystalline.
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E.2

Additional Simulation Data.

Fitting of Water Dipole Autocorrelation Function from Simulations.

Figure E.8. The water molecular dipole orientational autocorrelation function is defined as
𝚿𝒓 (𝒕) = 〈

𝟏
𝑵

∑𝑵
̂ 𝒊 (𝟎) ∙ 𝝁
̂ 𝒊 (𝒕) 〉𝒕
𝒊=𝟏 𝝁

̂ 𝒊 (𝒕) is the normalized dipole vector of molecule i at time t. This autocorrelation function
where 𝝁
was fit with a single stretched exponential function, which yields a characteristic time τ. Shown is
a representative fit, where λ=5.5. Black = data from simulation, red = fit. In all fits, the data is fit
only to t > 30 fs, to avoid librational motions of the water.
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(a)

(b)

Figure E.9. (a) Mean squared displacements (MSDs) of water molecules in crystalline simulations
of p21SA at seven values of λ: 3 (orange), 3.5, 4, 4.5, 5, 5.5, and 10 (black). The MSD increases
monotonically with hydration number at a given time. (b) 3D water diffusion coefficients in the
systems in (a) calculated as the derivative of the MSD curve multiplied by 1/6. As seen in (b), Dw
is time-independent over 1-2 orders of magnitude in time, showing that the water molecules have
reached the terminal diffusive regime for these simulations.
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Figure E.10. Diffusion coefficients of water and charge carrier in p21SA as a function of hydration
number. (a) Diffusion coefficient of water (𝑫𝑾 ) from simulations, and diffusion coefficient of
charge carrier (𝑫𝝈 ) calculated from experimental conductivity measurements using the equation
𝝈

𝑫𝝈 = 𝝁𝒌𝑻 = 𝒏𝒆 𝒌𝑻, where 𝝁 is the mobility, k is the Boltzmann constant, T is the temperature, 𝝈
is the conductivity, n is the number density of charge carriers, and e is the elementary charge. (b)
The quantities in (a) are normalized by the bulk water diffusion coefficients (𝑫𝒃𝒖𝒍𝒌 ). For 𝑫𝑾 ,
𝑫𝒃𝒖𝒍𝒌 is obtained from a simulation of pure water using the same TIP3P force field as was used in
the p21SA simulations. For 𝑫𝝈 , 𝑫𝒃𝒖𝒍𝒌 was obtained from PFG-NMR measurements of Holtz et
al.3 While 𝑫𝝈 is not the same as 𝑫𝒃𝒖𝒍𝒌 , (𝑫𝝈 is charge carrier diffusion and 𝑫𝒃𝒖𝒍𝒌 is water
diffusion), the normalized plot provides a better comparison of the simulation and experimental
data by removing the some of the weaknesses of the simulation force-field and explicitly
quantifying the effect of the layer structure.
(3) Holz, M.; Heil, S. R.; Sacco, A. Phys. Chem. Chem. Phys. 2000, 2 (20), 4740–4742.
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Figure E.11. Experimental conductivity from EIS and simulated water diffusion coefficient
plotted together vs. λ-1. At high hydration (low λ-1), both follow a similar exponential decay,
𝒆−𝟏𝟐/𝝀 . At low hydration, the experimental conductivity deviates from this power law.
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Appendix F.

Description of Available Codes

All codes are coded in Python 2 and most depend upon the NumPy and SciPy packages.
The codes were tested with Python version 2.7 (32bit) on Windows 7 and 10 operating systems.
Python 2.7 can be downloaded from https://www.python.org/downloads/, NumPy from
https://pypi.python.org/pypi/numpy, and SciPy from https://pypi.python.org/pypi/scipy.

F.1

Codes on GitHub
DebyeByPy. This code calculates isotropic X-ray scattering from a list of atomic positions

using the Debye equation,
𝐼(𝑞) = ∑ 𝑓𝑖 𝑓𝑗
𝑖,𝑗

sin(𝑞𝑟𝑖𝑗 )
𝑞𝑟𝑖𝑗

where I(q) is the scattering intensity as a function of q, i and j are atom indices, f is the atomic form
factor, and rij is the distance from atom i to atom j.
This code is suitable for calculating the X-ray scattering from small (<~ 50,000)
assemblies of atoms, such as nanoparticles,1 molecules, and small crystals (Chapter 4).2 It cannot
be used to calculate X-ray scattering of a system with periodic boundary conditions. To use the
code, the user must open the “wrapper” file and edit the parameters, including the input file, q
range, etc.
The list of atomic positions must be in the XYZ format. The code requires Python to be
installed, with the extensions Numpy and Scipy. This code was tested with Python version 2.7
installed on Windows 7 and Windows 10 operating systems. This code is available at
https://github.com/etrigg/DebyeByPy.
FiberByPy. This code can be used to fit experimental X-ray fiber scattering patterns. The
program operates via a command line. The fitting is based on the mathematics presented in Burger
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et al.3 This code was used to fit X-ray scattering of p21AA in situ during tensile deformation
(Chapter 5).
The code automatically applies the Fraser correction to the experimental data. Each peak
in the experimental fiber scattering can be fit by a variety of pre-defined functions. Their names
and definitions are in the “classes.py” file. Users can define additional functions if they wish, but
the new functions must have the same attributes as the existing functions.
The user opens the experimental data files and designs and executes the fitting all via the
command line. The “state”, or current status of the program, can be saved at any time and reopened later. The code does not need to be opened or edited at any time. A description of the
command line functions is available in the README.txt file.
The experimental data must be in polar coordinates and stored in multiple files as follows.
Each file contains an I vs. q dataset integrated over a single azimuthal angle wedge. For
synchrotron data I have used 2-degree wedges with good results. See the example files provided
with the code for details. This “wedge” approach is necessary because fitting to each detector pixel
in the experimental data would be too computationally expensive. This code is available at
https://github.com/etrigg/FiberByPy.

F.2

Codes Available on Winey Group Alumni Drive or Upon Request
The following codes are available on the Winey Group alumni hard drive in the directory

etrigg/codes.
Polymer Builder. This code builds initial positions for a precise functionalized
polyethylene crystal. I have used variations of this code for building initial structures for
simulations of p21AA (Chapter 3),4 and p21SA (Chapter 6). The code contains a list of dihedral
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angles to be executed by the polymer, which I designed to generate the hairpin folding motif. The
dihedral angles can be edited by the user, if desired.
Layer Generator. This code generates layers of a predefined size and number (Chapter
4),2 in XYZ file format. In Chapter 4, these XYZ files were fed into code F.1.1, DebyeByPy, to
calculate X-ray scattering from the acid layers of p21AA in different geometries. The layers are
composed of atoms, which are placed on a square lattice with lattice parameter = 5 Å. Then, each
atom is displaced by a random number between -5 and +5 Å in the layer plane, to create disorder.
This disorder ensures that there will not be significant scattering due to the intra-layer structure.
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